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QUASI-ANALYTICITY AND PROPERTIES OF FLATNESS 
OF ENTIRE FUNCTIONS 


By S. MANDELBROJT 


Introduction. We shall denote by C{ M,} the class of all infinitely differentiable 
functions which are defined in a closed interval [a, b] and which have the following 
property: To each function f(x) of the class there corresponds a constant k = k(f) 
such that | f(z) | < k"M, (n > 1, xe [a, 6)). 

The class C{M,} is said to be quasi-analytic if from the two properties 
f(z) eC{M,}, f° (ro) = 0 (n > O, 20 # [a, b]) it follows that f(x) is identically zero. 


THEOREM A. A necessary and sufficient condition for C{ M,,} to be quasi-analytic 
is that 


] 


[ Pea = @ 
1 r 


wai r 
T(r) = Lu.b. M.’ 


This is Denjoy-Carleman’s theorem [1]. The particular form given here is 
| due to Ostrowski [3]. 

If there exists in C{M,} a function f(x), not identically zero in [a, b] and such 
that f(x.) = 0 (n > 0), there exists also a function g(x) e C{M,} not identically 


zero and such that (a) = yg (b) = 0 (n > 0) [6]. Thus Theorem A may be 
stated in the following manner: 


THEOREM B. A necessary and sufficient condition that there exist a function 
g(x) « C{M,}, not identically zero and such that ¢”(a) = gy (b) = 0 (n > 0), 
is that 


* log T(r) 
[MIO <» 


The present author has introduced the notion of quasi-analyticity for functions 
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integrable L (we shall say integrable for integrable ZL). Let f(x) be integrable 
in[—7, x]. For x) ¢« [—7, 7) let us put 





eta) = [| fz) | de (a > 0, % +ae[—x, x), 
; log (— log ¢,(o , @)) _ 
=o —log a Ete 


The point 2, is said to be a right-hand mean-value zero of exponential order p 
for f(x). 


If 2 ¢ (—7, J, and 


elto,a) = [| fle) | dx (a <0, %» +ae[—m, x), 





lim sup log (— log ¢:(%o , )) a 


a=-0 — log (—a) ” 


the point 2, is a left-hand mean-value zero of exponential order p for f(z). 
The following theorem was proved by the author [3]: 


TuHEeoreM C. Let f(x) be integrable in |—x, x], and suppose that x, « [—7, x] is 
a right-hand (or a left-hand) mean-value zero of exponential order p for f(x). Suppose 
that the Fourier series of f(x) is of the form 


(1) f(z) ~ & (a, cos mx + b,, sin m;2), 


where the index of convergence of {m;} isa <1. If 





f(x) is zero almost everywhere. 


A new proof of this theorem based on the theory of Fourier transforms, but 
closely related to that given by the author, was published later in a joint paper 
by N. Wiener and the author [4]. They have also proved that, from a certain 
point of view, this theorem cannot be improved. 

They proved in fact that, given any ¢ < 1, it is possible to construct a con- 
tinuous function f(x) of the form 


f(x) = > a,,, cos mz, 


not identically zero, for which x = 0 is a right-hand mean-value zero of expo- 
nential order 





where the index of convergence of {m,} is c. 
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Recently B. Levine and M. Lifschetz [2] published a new proof of Theorem C. 
They gave also a profound generalization of this theorem. If the Fourier series 
of f(x) is of form (1), let us denote by N(t) (¢ > 0) the number of positive integers 
m,; (m; * 0) such that m; < ¢t. Let A(a) be a function defined and positive 
for @ positive, increasing to © when a tends to zero, and such that, for a suffi- 
ciently small, A(a) < — log ¢,(—2, a)/a. For a@ sufficiently small aA(a) can 
then be expressed as a function of A(a); suppose that aA(a) = w[A(a)]. Further, 
set 


2 f N(dbdt 
= 2] 2 ——— 
é(r) ogr + r Ce + r’) 


The theorem of Levine and Lifschetz can be stated as follows: 
TueorEM D. If 


lim inf [3¢(2r) — w(r)] = —@, 


f(x) is zero almost everywhere. 


Their method consists in reducing their problem to the problem of determina- 
tion of an entire function by its values in a sequence of points. 

If we assume that, for a sequence of values a — + 0, and for ¢ any positive 
number, 


log ¢e(—7, a) q = Yee 
N(t) << C+ Ct", 
the first inequality holding for @ sufficiently small and the second for ¢ sufficiently 
large, Theorem D reduces to Theorem C. 
Levine and Lifschetz proved also the following result: 
THEOREM E. Let f(x) be integrable in |—-x, x]; let, for a > 0 sufficiently small, 


log ¢,(—2, a) << — a °**; 
and let the coefficients of 
f(x) ~D (a, cos nz + b, sin 2) 


be divided into two groups {dn, , ba,} and {an; , ba,}, where the exponent of con- 
vergence of {m;} isa <1. 


If 





(1) >>, 


(2) lan. | + | da | << e77™, 
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where 





>o,>¢0 (t > to), 


then f(x) is zero almost everywhere. 


The authors suppose, therefore, that the function f(z) and its coefficients with 
indices m, satisfy the conditions of Theorem C and that the coefficients with 
indices n, satisfy the conditions of a theorem of de la Vallée-Poussin [3] which 
is stated as 


TueoreM F. /f f(x) is infinitely differentiable in |—-, x], iff (—x) =f (x) = 
0 (n > 0), and if all the Fourier coefficients satisfy (2), f(a) is identically zero. 


As a matter of fact the present author gave previously [3] a theorem in which 
he did not suppose that f(x) was differentiable, in which only a part of the co- 
efficients satisfied a condition of type (2) (less restrictive) and in which the 
function f(z) being zero in an interval implied that f(z) = 0 almost everywhere. 
The author also generalized Theorem F and proved its converse. 

The purpose of this paper is to give a general theorem which may be regarded 
as a theorem concerning quasi-analyticity as well as the behavior of entire 
functions on a set of points. This theorem will contain as corollaries the parts 
of Theorems B, C, D, and E, modified in a certain way, which give sufficient 
conditions for quasi-analyticity. For instance, the functions will be supposed 
to have the same property at both end-points of the intervai (at the right of —7 
and the left of x) or, what amounts to the same thing, on both sides of a point 
%,e(—z, 2). This theorem relates an integrable function to an entire function. 
Whenever an entire function is chosen there results a theorem on quasi-analy- 
ticity, and when a suitable integrable function is given, a theorem concerning 
entire functions follows. 

The author believes that it is possible to give a still more general theorem 
which would also contain known gap theorems on the distribution of singularities 
of Taylor series. 





The principal theorem. Let EF be a point set in the open zy-plane. Denote 
by £, the projection of E on Oz, and by J the smallest interval 7, such that 
E, C I,. The interval J can be open, semi-closed, or closed. For every xe E, 
we shall write yzg(z) = g.l.b. y. 


(z.y) ek 
Consider the set of convex functions defined in 7], where the function which is 
identically — © belongs to the set. 











a 
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There exists in I a convex function C g(x) with the properties: 


(A) For every xe E, , Ce(x) < ye(z). 
(B) Every function g(x) convex in I, such that for each x « E, g(x) < ys(z), 
satisfies the inequality g(x) < Cx(x). 


The existence of C,(z) is well known, but it is of importance for this paper 
to notice that this function can be defined in the following manner. 


Forte T = (—@, @) set 


A(t) 


lu.b. (at — ye(z)). 
zek; 
Then 
Cr(x) = l.u.b. (at — A(d). 
teT 


If there exists a point of E below each straight line not parallel to Oy, then 
A(t) = @, and C,(x) = —«. However, each function satisfying (B) is then 
identically equal to — ©. Therefore, in this case, (A) and (B) are satisfied. In 
the contrary case, there exist two constants ¢, and k such that yg(z) > k + tox, 
Cy(x) > k + tox (x e I), and Ce(x) < ye(x) (x e E,), where the inequality of 
convexity 


(x; — 2,) Lub. (ta, — A(t)) < (a, — 2) Lub. (t2, — A(é)) 


teT teT 


+ (x, — 2,) lub. (tr, — A(t)) (zt, < Ze < Be, Zr , Sa, Me 20) 


teT 


is obvious. If now ¢(z) satisfies the hypotheses of (B), then obviously 


A,(Q) = L.u.b. (xt — g(x) > Ald, 
g(x) > C(x) = L.u.b. (zt — A,(d)) < Ce(z). 


But if + denotes the upper right-hand derivative of g(x) at a point x = 2, , 
which is not the right-hand end-point of J (when J is closed on right), we have, for 
t,x, e071: (x, — xo)r < G(x) — (xo). Therefore, A,(r) = Lu.b. (xr — g(x)) = 

zel 


ot — (Xo), and C(x) > ¢g(xo). Thus C(x) = g(x) for every x e J and (B) is 
proved. 

We have proved, in passing, that a necessary and sufficient condition for a 
function f(x) to be convex in / is that there exist a function A(t) (— © <t< @) 
with f(x) = L.u.b. (at — A(é)). If f(x) is convex in J, this equality holds with 


teT 


A(t) = Lub. (xt — f(x)). 


zel 
Consider a sequence of pairs of numbers { (a, , 8,)} such that a, increases to © 
and 8, is either finite or equal to +. Denote by E the set of points (a, , 8,) 
for which 8, < ©. We shall call the base I(x) of the sequence {(a, , 8,)} the 
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function defined as follows: If EZ is empty, I(x) = @ for every x; otherwise 
II(z) = C,z(x) in the smallest interval containing E, , and II(x) = © for the 
other values of z. 

We shall say that I(x)e*dx < o, if the integral | II(x)e~*dx, for a suffi- 


ciently large, either converges or has the value — ©. 
We proceed with the proof of the principal theorem. 


THEOREM. Let F(z) be an even entire function, not identically zero, and set 
M(r) = max | F(z) | (|z| = r). Let f(x) be an integrable function in [—x, 7], 
different from zero in a set of positive measure. Define 


I(a) = —log 3 (f(z) | + |f(—2z)|))dx 0<a < 2n), 


and for I(a)/a finite and sufficiently large, set I(a) = w(I(a)/a). Denote by a, , b, 
the Fourier coefficients of f(x), and by I(x) the base of the sequence 


{ (log n, —log | F(n)(a, + %b,)|)} (n > 1). 
If 
(I) ue 2g 8 lm ee -e, 
r=@ w(r) a=+0 log a 
then 
(II) / " Wise"*de < ©. 
If 
lim inf U@) wk < @, 
2=@ Hr 


II(x) will be, by its definition, convex for x sufficiently large, and therefore for x 
sufficiently large I(x) < (k + «)x (e > 0); (II) will then be satisfied. 
Consider the case when 


im HG) _ 
” EY 


Let us denote by C(x) (x > 0) an arbitrary convex function satisfying the 
relationships 


I(x) — C(x) _ a 
(3) C(x) < 9 ’ lim oe ; 
and set 
(4) B(t) = 1|.u.b. (at — C(x)). 


As we have seen above 








- 


the 
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(5) C(x) = Lu.b. (xt — B(d). 
From the definition of B(t) it follows that 
(6) him BO _ «, 


and (5) may then be written 


(7) C(x) = max (zt — B(t)) = zt, — B(t,) _@> 9), 
teT 
with lim ¢, = , the function B(t) is a non-decreasing function of t. 
If we set 
c »— B(2n) 
it follows from (5) that 
c,r" < ef (leer) (n > 1, r> 1). 


If 2p is the smallest even positive integer greater than t, > 0 (x > 0), we see by 
(7) that for large values of r = e* 


2 
ef (lee r) < Cp—i? > 


It follows from (6) that lim c}/” = 0. The series 


-- Cr 2n 
o() = ae 
7 9°" 


(z = x + ty) 
represents, therefore, an even entire function satisfying for large positive values 
of r the inequalities 


@o 
Ye ” es 
(8) Ar" eI) < DO — ™ 


Clog r) 


g(r) = max | g(z)| Se 


2 
1 i [zl|=r 


Consider the entire function 


&(z) = 


| 


/ : f(de'*dt. 


For every a e (0, 27) we may write 
’ '. 


}a(2)1 <2 [po lerars tereorm 


++f iy | f(t)|dt-e"~"'*! < ee ee te ). 
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/ 


If then, | y| being sufficiently large, we choose a such that I(a@)/a = | y|, we 
have by the definition of the function w 
(9) teai<ciwe"’. 


It is clear that @(n) = a, + ib, , ®(—n) = a, — ib, (n > 0). 
Set S,,(z) = : * c,2°", where c, are the Taylor coefficients of g(z), and consider 
1 


the expression 














ria2)s.(2 5 ‘) | 2, (-I'FQn)eQ)5,, (” 5 ‘) 
(10) Q(z) = sin rz  ¢ Zz z-n : 


Formulas and arguments of this type were considered by Levine and Lifschetz, 
but their reasoning is somewhat erroneous. A function such as ¢(z) was first 
introduced in this theory by the present author [3] in his proof of the generaliza- 
tion of de la Vallée-Poussin’s theorem, but the construction of this function 
given here is different from that given previously. As a matter of fact the 
present function g(z) has special properties which we use in this paper. 

From the relationships 


| F(n)@(n) | < eel? (In| 20), 


(3) 


— C(log | n |) OF 


inte login| 


(11) <r" ™ (| n | 


IV 








, 


it follows that 


C) 


> 


n=-@ 





< &, 





F(n)®(n)S,. (" 5 ‘) 


and the series in (10) converges uniformly when z is outside the circles | z — n | = 
e(e >0,n = 0, +1, +2, ---). We shall denote the region outside these circles 
by D,. Since the inequality | (sin xz)~' | < ke~*'”' is valid in D, , we have in D, 


F(z)®(z)S,, ey 


sin rz 





< 4e'* M(r)—w(lyl|)+2milogr 





Denote by D,., that part of D, in which one of the two inequalities 
largz + 44r| <y < 4mis satisfied. Since in D,,, we have | y| > rcosy (r = 
|z|), we may write, forr > Tr, 


(20(2)s. (25+) 


sin rz 





et M(r)—(cos y)@(r)+2m log r 


(12) 











ler 


1), 


ities 
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For, by elementary geometry we have for r sufficiently large: (cos y)w(r) 
w(r cos y) (w(r) = I(a@) is non-decreasing to + © as a tends to + 0). 

To every r sufficiently large there corresponds a quantity a, such that r 
I(a)/a. We have w(r) = I(a), and thus 


lA 


logr _ log I(a) — loga 
w(r) I(a) f 





and from the second hypothesis (1) of the theorem, it follows that 


— ae 
— w(r) . 


It follows then from (12) and from the first hypothesis (I) of the theorem that 
in D,,, the left member of (12) tends uniformly to zero when r tends to infinity. 
But since the series involved in (10) tends also uniformly to zero in D,_, when r 
tends to infinity, we see that Q(z) tends uniformly to zero in D,,, when r tends 
to infinity. It is clear from the form of (10) that Q(z) is an entire function. But, 
for r of the form n + 4, where n is a positive integer, | Q(z) | < LM(r)r’". There- 
fore, for every r we have | Q(z) | < LM(r + 1)(r + 1)*". 

From w(r) = J(@) = ar and from the first hypothesis (I) of the theorem it 
follows that 


tim 1B MO @ jim SE MO _ 9 
rae r oo. 
Therefore, for every « > 0 we have 
(13) Q(z)| < e” (r > r,). 
Since on the straight lines | arg z + 44| = vy, Q(z) tends to zero when r tends 


to infinity, we see, by (13), on using Phragmén-Lindeléf’s principle that in the 
part of the plane where one of the two inequalities | arg z + $4 | > 7 is satisfied, 
Q(z) is bounded. But since Q(z) tends uniformly to zero in D,., , one sees that 
Q(z) is identically zero. In other words, we have: 


F(2)®(2)S.. (+54) > (—1)"F(n)®(n)S.. (2=4) 


l 
sin rz oi. z—n 
From the first inequality (11), from 


(ts) s.(*5+) 


_ fz-1 . z—?t\. 
and from the fact that s.(#=*) tends uniformly to o( = ) in every 








(14) 





< ef (esis ) 


< ef ‘lesi= ) ‘ 














bounded closed region, it follows, on using (14), that in D, 
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P(aaare(2 5 ‘) ys (—1)Fe("™ 5 £) aq) 


sin rz 2%. z-n 














(15) 
Thus, the equality (15) holds throughout the plane. 
It is evident from what precedes that 


F(z)®(z) > 1 > (—1)"F(n)®(n) 


sin rz en z-n 





Since this sum is bounded in D, , one sees that 


_ Fie + 8(z + 9) 
~ - gin #(z + 4) 





V(z) 


is bounded in the half plane y > 0. The series in (15) is also bounded in D, . 
Therefore, for z real, we have 


F(x + (x + do(}z)) 














| U(x)p($x) | - sin a(x + i) 
|=, Carromeme("5+)| 
cia nee gor" |< M<e. 
In other words, 
(16) 0 < o(4z) < M| W(x) |” (|x| > 0). 


But it is well known that, from the fact that ¥(z) is bounded for y > 0, and 
that ¥(z) is not identically zero, it follows that 


” | 

[ log L¥@) dx — 
-© xt+il 

Thus, by (16), 


’ 


F log 93%) 3 & 
- g+1 


and from the first inequality (8) it follows at once, on setting log (r/2) = x, that 
/ C(aje“"dz < @. 


Since C(x) is an arbitrary convex function not greater than }II(x), we have the 
desired inequality: 


/ I(xje “dx < @. 


The proof of the theorem is complete. 








0). 
nd 


hat 


the 
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Applications of the principal theorem. At first we shall apply the principal 
theorem by choosing for F(z) different entire functions; we shall then obtain 
various types of statements concerning quasi-analyticity. 

Suppose that in [—7, z!, f(x) e C{M,}, with f(—x) = f(x) = 0 (n > 0), 
where f(x) is not identically zero. By Taylor’s formula one sees that for x ¢ 
(—*, mr) 


fle) = CG) = =O @) @ - -s bn ths ty teak 


The second condition (I) of the principal theorem is an immediate consequence. 
If we choose F(z) = 1, the first condition (I) is also satisfied. In addition we 
have 








ae _ £1 W(q)CO8 NX 
a, == [ s@ cos nx dx = =i. f(z 2) i a (n > 1). 
Thus 
|a,| < =™ (p > 1,n> 2), 
n 
and 
9 ; 
| | a 
where 
7 
T(r) = Lu.b. M,’ 
Similarly, 
2 
tee > 


In other words, 
—log | a, + ib, | > —log 4 + log 7(*) (n > 1). 


But log T(e*) is a convex function in the smallest interval J containing the 
projection E, of all those points of the set { (log n, —log | a, + ib, |)} for which 
|a, + ib,| >0. Therefore, if I(x) denotes the corresponding base, we have in 
I, —log 4 + log T(e*/k) < I(x). For other values of xz, I(x) = ~. It follows 
from the principal theorem that 


i log T(e)e “dz < @, 
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a relation equivalent to 


f log log 70) 4, oar 


r 


If we refer to the introduction, we see that the fundamental theorem of Denjoy- 
Carleman (the sufficient condition for quasi-analyticity), in the form B, is a 
particular case of our main theorem. 

Suppose that f(x) is integrable in (—7, x), periodic with period 27, different 
from zero in a set of positive measure, and equal to zero in an interval (—2 — 
a,,—-72+a,). For this function /(a) = © fora < a,. Therefore, the second 
condition (I) of the theorem is satisfied. It is evident that in this case 


- po) 
lim inf = a. 
Let now {n;} be a sequence of increasing positive integers such that lim n;/t = 


o,. If we set 


F(z) = I 1- £), 


n; 


we see, by the well-known facts of the theory of entire functions, that 


lim log M(r) ie 
ae r 

and therefore that 
tim EMO .. 9, 
cco §86o) 


Thus, the first condition (1) of the theorem is satisfied. 

But F(n,;) = 0 (¢ > 1), and the base II(x) of the — {(log n, —log 
| (a, + ib,,)F(n) |)} is that of the sequence { (log m; , —log | (a,., + tb,,)F(m,) |)}, 
where {m;} is the sequence of positive integers different “idea n;(t > 1). There- 
fore, by the theorem, we see that if f(x) is integrable in (—7, 7), if this function 
is different from zero in a set of positive measure, but is zero in an interval of 
positive length, and if, for a sequence {n;}, with lim n;/i = ©, we place F(z) = 
hed 2 
I] (: _ ), then, on denoting by {m;} the set of positive integers different 
n; 
from the n,; (i > 1), the base I(x) of the sequence { (log m; , —log | (a,,,; + ibn,) 
xX F(m;) |)} is such that 


[ I(xje “dx < @. 
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By a simple transformation it is seen that in these statements the point z = —-r 
may be replaced by any other point z = x. This transformation x = t — xr 
conserves the values | a, + ib, |. 

In particular, the coefficients a,,, , b,,, cannot all be zero; in other words, if 
the function f(x), integrable in (—~7, 7), is zero in an interval of positive length 
(for instance in an interval around — 7), and if 


f(x) ~ b 2 (a,, cos n;x + b,,; sin n;x), 


with lim n,/i = ©, then f(x) is zero almost everywhere. 

This last particular statement follows also easily from the known facts on 
Taylor series admitting the circle of convergence as a cut, and Schwartz’s 
reflexion principle [3]. 

Suppose now that f(x) is integrable, periodic with period 22, different from 
zero in a set of positive measure, and such that 


lim inf S@ ~ , 50. 
a-+40 —loga 


Then obviously the second condition (I) of our principal theorem is satisfied; 
but, if « > 0 is smaller than p, from I(a) > a *** (a < a@,), on setting a *** = 
w,(a’"'**), we have w(r) > w,(r) for r sufficiently large. Since ,(r) = 
pie“ O7O+"-° | we see that 


w(r) > pies tee (r > r.). 


Let {n;} be a sequence of positive integers of which the exponent of conver- 
gence is o < 1, and let 


F(z) = TI 1-4). 


t=1 ‘ 
Clearly 
log M(r) < r°** (r > ri). 


Therefore, if 





it will follow that 


lim le MO) = 0. 


r=e (7) 


For these two functions f(z), F(z), the hypotheses of our theorem are satisfied. 
As above, the base of the sequence { (log n, —log | (a, + 7b,)F(n) |)} is that of 
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the sequence { (log m; , —log | (a,,, + 7b,,)F(m;) |)}, where {m;} is the sequence 
of positive integers different from all the n; (¢ > 1). 

We may therefore state the following result. 

If f(x) is integrable in (—7, 7), is different from zero in a set of positive measure, 
is periodic with period 27, and satisfies 


lim inf L@ — p> 0, 
og a 


a=+0 —| 


then, if we denote by {n;} any sequence of positive integers with the exponent 
of convergence o satisfying the inequality 





and by {m;} the sequence of positive integers different from the n,; (¢ > 1), we 


t=1 


© 2 
have, on denoting by F(z) the entire function yp. & , and by I(x) the base 
n 


of the sequence { (log m; , —log | (a,,, + ib,,)F(m;) |)}, 


[ I(xje"dx < @. 


This may be reduced to a theorem of form E. 

Theorem C mentioned in the introduction, with the difference that in the 
definition of an exponential zero “lim sup” has to be replaced by “lim inf”, and 
the expressions “right-hand mean-value zero of exponential order p’’ or “‘left- 
hand --- ” have to be replaced by “mean-value zero of exponential order p on 
both sides’’, also follows as a particular case of the last statement. 

The other theorems mentioned in the introduction, with similar modifications, 
are also particular cases of the principal theorem. 

We shall now choose f(x) in a special manner and get a statement on entire 
functions. 

Let F(z) be any even entire function such that 


(17) lim ton Ui a6, 


r=o 


Let 0 < 6 < 1, and consider the function f(x) defined as unity in the interval 
[— 6x, Br], and zero in the rest of the interval [—7z, xz]. Then | a, + ib, | = 
2r-‘n~*| sin nx | (n > 1). The second condition (I) of the theorem is satisfied, 
and lim w(r)/r = (1 — 8)x. Hence, the first condition (I) of the theorem is also 


r=@ 


satisfied. 
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Thus, for an even entire function satisfying (17) the base II(x) of the sequence 
{(log n, —log | sin (8nr)n~'F(n) |)} satisfies the inequality 


/ I(xzje "dx < @. 
Clearly, the same inequality is valid for the base of the sequence 


{(log n, —log | F(n) |)}. 


This statement, like the main theorem itself, expresses the fact that an entire 
function of which the maximum M (r) does not increase too rapidly has a certain 
character of flatness on every straight line. 


BIBLIOGRAPHY 


1. T. Carteman, Les fonctions quasi analytiques, Paris, Gauthier-Villars, 1926. 
2. B. Levine AnD M. Lirscuetz, Quasi-analytic functions represented by Fourier series, Recueil 
Mathématique, Moscow, vol. 9(51), n. 3(1941). 
3. S. MANDELBROJT, Séries de Fourier et classes quasi-analytiques de fonctions, Paris, Gauthier- 
Villars, 1935. 
4. S. MANDELBROJT ET N. WiENER, Two notes, Comptes Rendus de |’ Académie des Sciences, 
Paris, vol. 203(1936). 
. Cu. DE LA VALL£E-Poussin, The Rice Institute Pamphlet, vol. xvii(1925). 
6. S. MANDELBROZT, Analytic Functions and Classes of Infinitely Differentiable Functions, The 
Rice Institute Pamphlet, vol. xxix(1942). 


> on 


Tue Rice InstirTvure. 











~ 





FUNCTIONS OF BOUNDED TYPE 
By AupREY WISHARD 


Introduction. By definition, a function f(z) is of bounded type (beschrinkt- 
artig [5]) in a region G, if 


(1) f(z) = W.(z)/Wi(z) sin G, 


where | W,(z) | < 1 and W,(z) are analytic interior to G (i = 1, 2). 

A given meromorphic function f(z) is of bounded type in a simply connected 
region G if and only if there exists a function U,(z), positive and harmonic in G 
and such that 


(2) log | f(z)| S Ui@) =imG. 


(Throughout this paper we shall use “harmonic” to describe functions which are 
harmonic in the strict sense except at isolated points b, where they behave like 
+k log |z — b|.) For, if (1) holds, then so must (2) with U, = log | 1/W, |, 
whereas, if (2) holds, then log | f(z)| = U,(z) — U,.(z), where U,(z) is also 
positive and harmonic in G. The fact that one can obtain from U,(z) analytic 
functions W,(z) such that U; = log | 1/W;, | is diseussed by R. Nevanlinna [5]. 
Our problem is to determine under what conditions f(z), meromorphic in the 
interior of a region G, and perhaps on part of its boundary, is of bounded type 
in G, and, if f(z) is of bounded type, to find a representation for log | f(z) |. (The 
reader will notice that in the theorems of this paper log | f(z) | may be replaced 
by a harmonic function U(z). The theorems then give conditions under which 
U(z) may be expressed as the difference between two positive harmonic functions 
in G.) Explicit solutions of this problem have been given in two instances by 
R. Nevanlinna. The first solution [4] is for the case in which G is the halfplazie, 
x > 0, f(z) being meromorphic when zx > 0; the second [5] is for the case in which 
G is the unit circle and f(z) is meromorphic interior to G. The case in which G 
is a strip, a < x < b, has been considered by E. Hille [3] in a closely related 
problem, and by L. V. Ahlfors [1] in a theorem the proof of which demands more 
restrictive conditions on f(z) than those which we shall use. The conditions 
found by these writers are of two kinds: (1) a certain sum extended over the poles 
of f(z) in G must be convergent; (2) a mean value of the function, expressed as a 
weighted integral, on curves which approach the boundary of G, must remain 
finite. The reader will find conditions of both types in the theorems below. 
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1. We give first a brief account of the basic tools which are to be used in this 
paper. For further details and explanation concerning the methods and terminol- 
ogy, the reader is referred to the writings of R. Nevanlinna which have been 
mentioned above. 

The first two theorems which we shall prove give conditions that f(z) shall be 
of bounded type in a region: 0 < x < . The following notations will be used: 
G(X, Y) is the region: X <2<4r—-X,-Y<y< YO < X < }n7,0< VY), 
r'(X, Y) is its boundary and g(f, z; X, Y) is its Green’s function, with positive 
pole at ¢ = z. We number the four lines which form the boundary in counter- 
clockwise order, starting with the left vertical side. Then [(X, Y) = P,(X, Y) + 
--» + T,(X, Y). We write G(O, Y), (0, Y), and g(f, z; 0, Y) more simply as 
G(Y), T;(Y), and g(¢, z; Y). These, in turn, we write as G, T'; , and g(¢, z) when 
Y = o (where j = 1,3). As usual, log* | f| = max [log | f |, 0]. The poles of 
f(z) are denoted by b, (b, = 8, + 7y,) and the sun: > g(z, b,) is to be taken 

G 


over all the poles of f(z) in G. 
It is well known that g(¢, z; X, Y) is a continuous function of all of its argu- 
ments and that, if G(X, Y) C G(X’, Y’), then 


(3) g(f,2;X,¥) SgS,2;X',¥’), X SX, Y'2Y. 


The derivative dg(¢, z; X, Y)/dn is taken with respect to ¢ at a point on r'(X, Y) 
in the direction of the inner normal. The interpretation of this derivative at 
the vertices of G(X, Y) is of no significance. It is known that dg(f¢, 2; X, Y)/an 
is continuous in all four arguments. 

Choose X and Y so that f(z) has no poles or zeros on T(X, Y). Then f(z) is 
meromorphic on G(X, Y) + I(X, Y) and is continuous on T(X, Y). Let 
U,(z; X, Y) be the harmonic function- with boundary values log* | f(z) | on 
r(X, Y) and with logarithmic poles at the poles b, of f(z) in G(X, Y). Then 
(Green’s theorem, cf. {2]) 


_ log* | $08) | 5 0(8, 2X, ¥) | dt | 


+ > oz, b,;X, Y). 
) 


G(x,Y 


4) UleX,Y) = | 


r(x, 


Since log | f(z) | — U,(z; X, Y) is harmonic and has no positive poles in G(X, Y), 
and since its boundary values are non-positive and continuous on I'(X, Y), we 
have log | f(z) | < U,(z; X, Y) in G(X, Y). But a simple argument shows that 
U,(z; X, Y) is a continuous function of X and Y, for z fixed interior to G(X, Y), 
even when f(z) has poles on T'(X, Y). Hence 


log | f(z) | < U,(z; X, Y) 0 <X <4,0<Y < @). 


A now classical argument in the Nevanlinna theory shows: (1) that U,(z; X, Y) 
is the smallest positive harmonic function in G(X, Y) which > log | f(z) | (that 





a 
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is, if U(z) > O and is harmonic in G(X, Y) and if log | f(z) | < U(z) in G(X, Y), 

then U,(z; X, Y) < U(z) for every z in G(X, Y)); (2) that lim U,(z;X, Y) 
G(x, Y)-¢ 

exists and is either a positive harmonic function in G or is infinite for every z in G; 

(3) that a necessary and sufficient condition that f(z) be of bounded type in G is that 


lim U,(z;X, Y) be a harmonic function for z C G. 
G(x,Y)-6 


2. We first prove the following theorem, using the notation of §1. 
THEOREM A. Suppose that f(z) is meromorphic in G and on T. Then f(z) is of 
bounded type in G if and only if the following three conditions hold: 


(1) ae ae &. < e, 


(II) [ log* | f(x + ty) |e"'"' dy < forx = Oand x = f, 


v¥—o@ 


lim e~” [m(y) + m(—y)] < @, 


yon 


(IIT) . 
where m(y) = / log” | f(x + ty) | sin x dz. 
0 


If f(z) is of bounded type in G, then log | f(z) | < U,(z) in G, where 
T + 0 ] ° vu yy 
U2) = | log* | $0) | Zo, Dat | + sine ine + we" 


(5) 
+ > g(z, b,) 


and 


and 


nm = lime” m(—y). 

Since f(z) is meromorphic on z = 0 and on x = z, the remarks of §1 apply 
even when X = 0. By definition, U,(z; Y) = U,(z; 0, Y). We investigate 
lim U,(z; Y). It will be shown that this limit is U,(z), as given by (5), and that 
Yo 
U,(z) is finite if and only if (I), (II), and (ITT) hold. 

First, we prove that, if either of the indicated limits is finite, 


(6) lim >> g(z,b,;X, Y) = ¥ g(z, b,). 


G(X,Y)-@ G(x,Y) 
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By using (3), it is easy to prove that lim  g/(z, b; X, Y) = g(z, b) and that, 


G(X, Y)-G@ 


when G(X’, Y’) C G(X, Y), we have 


> o2,0.;X,YS 2D ws,d.;X,Y) Sd ols, d,). 
) G ry G 


G(x’,yY’ F(X, Y 
Then 
~ oz,b)< lim DO glz,b,;X, Y) < Dd gz, d,). 
) ) G 


G(x’, ¥’ G(x. yg G(X.Y 


Letting G(X’, Y’) approach G, we get (6). 
Now > g(z, b,) converges to a harmonic function if and only if 
G 


Dd 9(3n, b,) 
G 
bei 
converges. Ifz = 2+ iy,¢ = s+ it,b = 8 + ty, and 2* denotes the conjugate 
of z, 


e — Pied 








g(f, z) = log -~—g | 








et —e 


e”' + e'” — 2 cos (s + 2) 
e’' +e'” — 2 cos (s — 2) 


4sin B 
ir, b 1 lo [ + | 
g(dx, b) Sits e’ +e’ —2sinB 





(7) g(f, 2) 


in 


log 





From this last equation it is easy to see that }> g(z, b,) converges if and only if 
G 
(1) is satisfied. 
The integral in the expression (4) for U’,(z; Y) may be expressed as the sum 
of four integrals: 


+7 fe) ‘ . 
Ae; ¥)= | log’ | $0) | 2 96, 25 ¥) | at (j = 1, 2,3, 4). 
ry(y) 
For j = 1, 3 the integrand is a non-negative increasing function of Y. Hence, 


whenever either of the limits is finite, 


: : ' - ' ; 
A,(z) = lim A,(z, Y) = / log” | f(5) | 5° gS, 2) | ae | (j = 1, 8). 
Y—@ rj 
Now A,(z) converges to a harmonic function in G if and only if A ,;($7) converges. 
This gives us (II), for 

ee | 


= — = 1)| ;} = 1, 3). 
eget, | Ue he 








0 
as g(f, 3m) 
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The terms A,(z; Y) and A,(z; Y) remain to be considered. We shall make use 
of the fact that, if the first two conditions of our theorem are fulfilled, then lim 


Y-o 
[A,(z; Y) + A,(z; Y)] exists, finite or infinite. This is easily seen to be true by 
making use of the expression 


[A, + A(z; Y)] = U,(z; ¥) — [A. + 4s + D gz, 6, ; YD) 
) 


GUY 
because U,(z; Y) is a non-decreasing function of Y. 
We wish to approximate <. g(t, z; Y) on T,(Y). We notice that the points 
n 


zand z, = z* + 2:Y are symmetric with respect to ',(Y). Therefore, g(f, z) = 
g(f, z,) for f on T',(Y). Using the principle of the maximum one can easily prove 
that 


Fi(S) = gf, 2) — gf, a) — gf, 2; Y) = 0 
for ¢ on T,(Y) and that F,(¢) > 0 for ¢in G(Y). Therefore, 


te) 
on Pits) " > 0, 


x ee 


and 


a | a a 
on 905 z; Y) % < an [o(f, z) ms gf, a )Iren = 25,98) z) ™ 


(Y) (Y) 


Similarly, z. = z + 47Y and z, = 2* — 2iY are symmetric in I’,(Y) and we 
can prove that, if 


Fi(¢) = g(t, 2) — gf, 2) + gf, 22) — gf, 2s) — gf, 2; Y), 


then < F.¢) < OonT,(Y). Therefore, 


, te) 
2 9(b, 23 ¥) Irn > 2S [alk 2) — Of, eran - 


Again, differentiating (7), we find that 





a (r, 2)| Sin fe" — e’-") sin s sinz 
Gn 9S) 2) Iracry [e’-* +e” * — 2cos(s+-a)][e”* +e” — 2cos(s — z)]’ 
2(¥-») ; 


0 ; : ae 3§e 
— »S2e's s Pe een 
an 9S: 2) Irae S Ze" sin re in s er — oF 


a » 2(¥-y) — 1 

— lrcry) > 2e’sin ze” sin 8 —>——-, 

an 95 z) racy) > Ze” sin ze ev" + 1)? 
4Y 


rs) : ane: 
-— 2.) |lr.cy, > —2Ze’smze sm 8———.. 
an gf, 3) lrecr = é sin x 8 [er*" » A 2)’ 
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Therefore, a g(t, 2; Y) |r) = 4e” sin x ce” sin s ¢,(y, Y), where lim 
Yo 

¢:(y, Y) = 1 for y fixed. Then 

(8) A,(z; Y) = 20 sin x ¢i(y, Y)e*m(Y). 


Similarly, 


(9) Ax(2; ¥) = 26° sin x daly, Ye m(— ¥), 
where lim ¢.(y, Y) = 1 for y fixed. 
Y-o 
Since lim [A.(z; Y) + A,(z; Y)] exists, finite or infinite, assuming that (I) and 
Yoo 


(II) hold, the limit is finite if and only if (III) also holds. 
Suppose, finally, that lim [A.(z; Y) + A,(z; Y)] is finite. Then the following 


Yo 
limits are finite: 
m = lime~*m(Y), n, = lim e~’m(Y), 
Yo Yo 
n> = lim e~*m(—Y), ns = lime~’m(—Y). 
Y-o Y-o 


One can prove by elementary methods that 


lim [A.(z; ¥) + A,(z; Y)] 


lim A(z; Y) + lim A,(z; Y) 
Yo —— 
= lim A,(z; Y) + lim A,(z; Y). 
Yo ~ er 
This gives 
ii . —_ a py , 
= sin 2a[m, e” + nie ’] = —sinalnie’ + me’). 
Tv T 
This is impossible unless 7, = n{ and ni = m2 , whence 
lim A,(z; Y) = : me’ sin x, lim A(z; Y) = 2 ne” sin x. 
Y-o T Yo T 


3. THEoREM B. Suppose that f(z) is meromorphic in the interior of G. Then 
f(z) is of bounded type in G if and only if the following two conditions are satisfied: 


(I) De '7"'sin B, < @, 


(IV) constants C, and C, exist such that, when 0 < x < fz, 


[ log* | f(x + it) | e''dt < C, + C.ysin z. 








m 
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We return to our expression (4) for U,(z; X, Y). As in Theorem A, (I) is the 
condition that lim > g(z,b,;X, Y) be finite. Again we write the integral 


G(X,Y)-G@ G(xX,¥Y) 

in the expression for U,(z; X, Y) as the sum of four integrals A,(z; X, Y). 

Assuming first that (IV) holds, we wish to show that lim A,($a; X, Y) is 

x0 

bounded for all Y > 0. Now the region G(X, Y) is contained in the region: 
X<2<X+7,-— © <y< © and the two regions have I',(X, Y) as a com- 
mon boundary line. The Green’s function of the second region, found by map- 
ping the region on G, is g(f —X,z— X). Therefore, 


7] ‘ ; re] 
an gf, 3; X, Y) IT. (X,Y) < an 9S . X, ial = X) lr.ex.y) 


sin ($4 — X) 
e' +e — 2 cos (4 — X) 
When X is sufficiently small (X < 3), 





=2 


e 
A,(4x;X, Y) < 2/ log* | f(X + it) |e"'"'dt < Cy + CaY sin X. 
fl? 


The same inequality must hold for A;($7; X, Y). As before, U,($; Y) will be 
bounded if lim e™” [m(y) + m(—y)] is finite. But 


yo 


Il 


[ e7'''m(t) dt / e |! / log* | f(x + it) | sin x dz dt 
| pe ~y 0 


(10) [ sin x [ log* | f(a + it) | e7"'' dt dx 
Yo Juy 


< [ (C, + Cy sin x) dx = rl, + 2Cry. 


This cannot be true unless lim e” [m(y) + m(—y)] is finite. Thus we have 


proved that if (I) and (IV) hold, f(z) is of bounded type. 
Suppose that f(z) is of bounded type. Let U(z) be a positive harmonic function 
in G such that log | f(z) | < U(z) in G. We define 


M(x, y) = [ (U@ + i) + Uw — 2 + idyfe — eat 


and compare M(x, y) with the integral which appears in condition IV. When 
y > log 2, 


M(x, y) 2 is * (Ue + it) + UG — x + ite! — eo '"'* *) at 
> 4 ie [log* | f(x + it) | + log* | fr — x + id) [Je"'"' dt, 
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where y’ = y — log 2. We shall prove that (IV) is satisfied by showing that 
constants C{ and C} exist such that M(z, y) < C{ + Ci y sin z. 

The function A(z, y) = [e~'”' — e'*'~*”] sin z is harmonic in G except on the 
line y = 0, where it is continuous. Let X and Y be chosen so that U(z) has no 
poles on '(X, Y). Following the standard method, we remove from G(X, Y) 
circles of radius r about the poles of U(z) and we remove the line y = 0. Applying 
Green’s theorem in the region thus formed, and letting r become zero, we get: 


/ p2u-veniae|-2f ve Zr 0 a 
r(x, ¥) on on x oy 


— 2n >> AB, , 7) = 0 


G(x,¥) 


Since U(z) is positive and harmonic in G, we may apply to U(z) the results of 
the first part of this paper. If we form the functions A;(z; X, Y), using U(z) 
instead of log | f(z) |, we see that A,(z; X, Y) must be bounded for z fixed. Using 


(8) and (9), we see that e~'”' [ U(x + iY) sin z dx must be bounded for all Y. 
Thus the following quantities are bounded for all0 < X < }x,0 < Y: 


a a 
A U-U=Al faz! 
Bi | on od U on | | ‘ 


w-X 
= ae f U@ + ty) |rux.rsinzdr (j = 2, 4), 


(11) 


my (8, VY) iia Zz fe"'7"! oh grew) sin 8, : 


G(x. ¥) @(x.¥) 
e-X F w-xX 

—2 / U(x) —  |yeo+ dz = 21 +77") / U(2) sin x dz. 
x oy x 


Thus we see that positive constants K, and K, exist such that 


-K, < [ [azu- v2a|az 
r.(X, ¥}+Ps(X,¥) on 


sin XS M(X, Y) — cos X M(X, Y) < K2, 


in’ r— 0 M(z, (z, y) 


aif. «a ¢ 
Ki Ss dx sina SK, 
K, 2 cts < 28S ) < —K,—cotz 
Ox ox snz 





; - * ae 





t 


of 


Ag 
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Although 8M (z, y)/dx may have jumps, M(z, y) itself is continuous. Therefore, 
as x increases from 0 to $2, 


M - . . 2 

M(z, ¥) — K,cotz is increasing, 
sin x 

M(z, , i 

M(z, y) + K,cotz is decreasing, 
sin x 


M(x, y) < K, cos x + M(4z, y) sin z, 
(12) 
M(x, y) + K, cos x > M($z, y) sin z. 


Multiply the second of the above inequalities by sin z and integrate from 0 to 
tx. We get 


ie hr 
M(4r, y) / sin’ x dx < 4K, + i M(cz, y) sin x dz. 
0 0 


But 


be ¥ a 
M(z, y) sin z dz = / cst. greene [ U(x + it) sin x dz dt. 
-¥ 0 


Using equation (11), this gives 


M(4n,y) < Ksy + Ky. 


Substituting in (12) we get the required result. 


4. Theorems A and B are easily restated for the case where the region under 
consideration is the strip z, < x < x, , by mapping this strip on G. In this 
section of our paper G(z, , 22) is the regionz, <z<2,.,- © <y< @. We 
shall assume, for convenience, that 0 < z, < 1 <2,. The boundary of G(z, , 22) 
is T(z, , x2) which is composed of T',(z, , x2): x = x, and of T(z, , 22.) : 4 = 2. 
The Green’s function is g(f, z; x, , 22) and, if f(z) is of bounded type in G(z, , x2), 
U,(z; x; , Z2) is the smallest positive harmonic function in G(x, , 2.) which 
> log | f(z) |. When z, = ©, we write G(z,), etc., and when, in addition, x, = 0, 
we write G, etc. In adapting the theory of the preceding paragraphs for 
the region G(x, , x2) we replace g(f, z) by g(f, 2; x, , 22) throughout. If k = 
a/(X_ — 2,) and ¢’ = k({ —z,), 2’ = k(z — 2,), we have g(¢’, 2’) = g(t, 23 2 , Ze). 
We find that 


m = lime™'my), my) = [ log” | fle + iy) | sin k(@ — 2) de, 


ro a 
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and that the inequality in (IV) becomes: 
(IV’) / log* | f(x + it) | e“'"' dt 


< C, + C, ysin k(x — 2,) (1, <a < 2). 


TuHeoreM C. Suppose that f(z) is meromorphic in G. Then f(z) is of bounded 
type in G if and only if 





, B, 
(V) As : < © (b, ¥ 1), 
= (6, -—1)° +7: 
(VI) a constant K exists such that 


co) 


m(x) = / log* | f(x + ty) | sly < K (x > 0). 


1 
(l+2)'+y 
If f(z) is meromorphic in G(x,) and on x = 2x, , and is of bounded type in G(x,), 
then the function U,(z; x,) is given by 

= zy 

2 2 
2-2) +%y— 9 
+ &x — 2,) + » g(x + ty, b, ; 2), 





Ui(z + ty; 2%) = [ log* | f(a. + it) | ( . 


(13) 


where — = lim m(z). 

The basis of our argument is that f(z) is of bounded type in G if and only if 
(1) f(z) is of bounded type in every G(2, , x2) C G and (2) U,(z; 2, , 72) has a 
harmonic limit function when G(z, , x.) ~ G. It is actually sufficient that the 








various parts of U,(z; x, , 22) be bounded for z = 1, where the terms, if any, 
corresponding to b, = 1 are dropped from the sum. 
Using the same method that was used for condition I, we see that 
lim > gfe, b, 32%, ,%) = > g(z, b.), 
G(2i,22)-G G(2,,22) G 
2*| ‘ \2 _ 2 
g(t, z) = log oe x = } log ie + = + ( yy 
lg —2| (s — x) + (t — y) 
g(i, b) = 3 log [ + 48 _.| 
G=- 7 


which gives us condition V. 
We asume that (V) and (VI) are fulfilled and show first that f(z) is of bounded 
type in G(x, , x,). Condition (I) is obviously satisfied, and since 





hiv —tivi/(aama) © (x2 — 2) 


~ (a —ny+y’ 





uded 


nded 
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(VI) implies that (IV’) holds in G(x, , x2). Moreover, (IV’) must hold with 
C, = 0. Referring to (10), we see that this in turn implies that 


/ e*'*' m(y) dy 


is finite, and hence 7, = nm. = 0. 

Let A,(z; 2, , 22) stand for the part of the integral in U,(z; x, , x.) which is 
taken over I’, (x, , 22) and A,(z; 2, 22) for the rest of the integral. By comparing 
g(t, 2; X, , L2) to g(t, z; x,), one finds that 


a 


1—2z 
. 5 Th 1 
an g(f, 1; 21 , X2) 


Drees Sree 
(i — ai) + c 


Therefore, A,(1; x; , 2) is bounded for x, near 0. 
We must show, finally, that A,(1; 2, , z.) is bounded as x, — ©. By mapping 
G(x, , X2) onto G we find that 


a 
on 


sin k(1 — 2,) 
e +e + 2 cos k(1 — 2,) 





gf, 1; 7, » Z) iPeles.t0)} 2k 


When x, — x, > x (k < 1), and 2, is small, we get 


2 


2x 
(% — x)” + a 





= gS, 13 21 , Ze) |rites.209 S Ret < 


Condition (VI) tells us that A.(1; x, , x) is bounded as z, > ~, 

If f(z) is of bounded type in G(x,) and is meromorphic on x = 2, , the repre- 
sentation (13) may be obtained by transforming U,(z), remembering that, since 
f(z) is meromorphic on x = 2, , one of the constants 7; will be zero. 

Assuming, now, that f(z) is of bounded type in G, we wish to show that (VI) 
must be satisfied. Since U,(z; x,) must exist for all z, and must be bounded for 
x, near zero, z fixed, it is easily seen that m(zx) must be bounded for z, near zero. 
Suppose now that x > x, > 0. We have 


Cs . ms 1+2%—2z 
] ; t dt. 
E eee Oe (l+2e#-—2)+? 


m(zx) = coe. see 1 


l+2nr 





Using (13) with z = 1 + 2z and with z, = z, we have 


tts m(z) = U,(1 + 22; 2) — &x)(1 + 2x — zx) - > g(l + 2x, b, ; x). 


G(2) 


We have written £(z) in the above equation since we have not proved as yet that 








674 AUDREY WISHARD 


t is independent of the region G(x). Since G(x) C G(x), U,(1 + 22; 2) < 
U,(1 + 22; 2,) and 





Ll+2 ae | 1+2-2%, 
7 m(z) < + [log fia + i) | ay ee” 


+ &(2x,)(1 + 2x — x) — &x)(1 + 2) 


+ > g(l + 2z, b, 52) - > g(1 + 2z, b, ; 2). 
) 


Gla G(z) 


We wish to show that lim m(z) is finite. We see that 


r:-@ 





: 1+ 22 — mf ‘ , 1 fy 
ries. 4% e+ Sete ose" 


Tim 4 [ete)(1 + Qe — 24) — H(a)(1 + 2)] = 24(e,) — lim &C@) 


< 2 &2,), 


> gl + 2x, b, 321) — Do g(l + 2z, b, ; z) 
) 


G(z) 


= [1 + 2x + b¥ — 2x, 1 + 22 + bt — 2c 
= 2 log | 1 + 2x — b, — 2, log | i+2z-b, | 








(1+ 22+ 6, — 2x) +7; 
= lo 
1 2. . (1 + 2x 77 B,)° + ” 





(1 + 2¢ + B, — 2x,)° +7, 








+3 lo - 

2 eee By +e 

«3 tog | 1 + 4+ 22 = 2B, = =) | 
21 Bess (1+ 22-8) +7 


4(1+2+ 86, — 2,)(x — 2,) 
itis =a] 
+ 4 2 los +B) +7 











z<6, 
(8, — x) (1 + 8,) | 
<4 1 | he ; 2 | 
S4@ + Pies (i+2z2-—6)+y +@&(1+8,) +7, 





S 





; 2). 


£(x,), 
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B, 


The above series is convergent since UG 1? ; isconvergent. Therefore, 
ins + ¥ 


m(x) must be bounded as x becomes ems 





It is now easy to show that, if f(z) is of bounded type, lim m(x) = &. In the 


convergent series above, the »-th term is constant when xz < 8, and then de- 
creases to zero as x increases. Therefore, the whole series approaches zero and 


lim - * m(x) < 2é&(z,) — lim &(2). 


Letting x, become infinite, we get lim = l m(x) < lim t(x). Substituting back, 
ne & 


oo 


we get 


lim - ; ~ m(x) < £(x,). 


m—@ 


Suppose now that ies 2 m(x) = — < &(z,). The function U,(z; x,) — log | f(z) | 
T 





m—@ 


is positive and harmonic in G(z,). Consider m,(z): 


) ; l 
m,(2) = i [Ui@e + ty) — log | f(x + ty) |] Q+ay+y dy 


> [ae Say — J low” | fe + | dy 


1 
+2)’ +y (l+2)'+y° 


= rt(z,) io — m(z), 


so that 


lim 2 —~m,(x) = &2,) — &. 


That is, the “¢’’ for U, — log | f(z) | is at least as big as (x,) — &, and we have: 
U,(x + ty; x) — log | f(x + ty) | = [&(a,) —é]@ — 2), 


log | f(x + iy) | < U,(a + iy; 2.) — [&(a.) — E(x — 2). 


The function on the right is positive, since U,(x + iy; x.) > &(a#,)(@ — 2) and 
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is less than U,(z; 2,). But U,(z; 2,) is the smallest positive harmonic function 
in G(x,) which > log | f(z) |. Therefore 


lim 1 n(x) = £(2,) = &. 


2-2 


This completes the proof of Theorem C. 
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DIFFERENTIALS AND ANALYTIC CONTINUATION 
IN NON-COMMUTATIVE ALGEBRAS 


By R. W. WAGNER 


This paper represents an attempt to generalize the power series portion of the 
theory of functions of a complex variable so that the argument may range over 
a non-commutative algebra. 

For this purpose, an absolute value, or metric, is defined for the algebra. This 
absolute value is used to discuss.the convergence of generalized power series. 
By introducing differentials, a generalization of Taylor’s theorem is obtained. 
This involves several theorems concerning the existence and differentiability of 
generalized power series. The final section of the paper consists of the application 
of this theory to the special case of functions defined on the complete matrix 
algebra. 

One of the important differences between this generalization and the classical 
theory is that the region of convergence and the region of absolute convergence 
are very different when a general algebra is considered. This complicates the 
theory of convergence of series, but is a blessing in the analytic continuation of 
the function. 

German letters will be used to denote sets of elements; capital letters denote 
elements of the algebra; and small letters will denote elements of the field used 
to build the algebra. 


1. The metric. Let % be a linear associative algebra over the field of all real 
numbers &, or the field of all complex numbers €. These fields are chosen 
because they are complete and the proof of the existence of limits is greatly 
simplified. Besides, each of these fields has a commonly used absolute value 
which can be extended to Y. 

An absolute value for % should have the properties: 





(1.1) |X| > 0; | X | = Oif, and only if, X = 0; 

(1.2) |\X+Y|<|X|+/Y¥ |; 

(1.3) [XY|< |X| |¥\|; 

(1.4) [2Y|=|2| | YI; 

(1.5) | 7 | = 1, if & has an identity; 

(1.6) | X | is continuous in coérdinates for basis of %. 
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The absolute value to be used here is obtained by applying an absolute value 
function for matrices, which has been studied by Rella [6], to the regular repre- 
sentation of %. Let Rx be the matrix which represents X in the first matrix 
representation of %{. Define | Rx | as the positive square root of the largest 
characteristic root of the matrix RyR* , where R¥ is the conjugate of Rx trans- 
posed. Now set 


(1.7) |X| =|Rx|. 


This gives an absolute value function for U%. Rella has shown that this absolute 
value for matrices satisfies all the above conditions except (1.5). It is easy to 
verify that this absolute value satisfies this condition also. 

Rella mentions other absolute value functions for matrices. But they fail to 
satisfy (1.1) or (1.5). The absolute value for an algebra used by Spampinato [9] 
fails to satisfy (1.3) and (1.5). When it is adjusted so that it will satisfy one of 
these, it may still fail to satisfy the other. 

The absolute value used here is invariant under a change of basis by an 
orthogonal matrix, but not for a general change of basis. The other absolute 
values which were mentioned share this disadvantage. This absolute value is 
the norm of the linear transformation of a Euclidean vector space which the 
matrix represents. 

The distance from A to Bis| A — B|. A change of basis gives a metric which 
is topologically equivalent to the old one. 


2. Generalized power series. Henceforth, the word “function”’ will be used 
to denote a correspondence between the elements of two subsets of Y%. 

A multilinear function is a polynomial which is homogeneous of the first degree 
in each of k independent variables. For example, AXBYC + BYAXC is a 
bilinear function of X and Y, with A, B, and C constants. If all the letters are 
variables, it is a multilinear function of degree 5. More generally, 


(2.1) G(X, , Xo, °°* , Xe) = D, AeA KoA, -*> XA, 


is a multilinear function of degree k. It is to be understood that the X; may 
appear in different orders in different terms and that the multipliers A; may 
vary from term to term. 

Associated with the multilinear function (2.1) is a number g, , called the norm 
of the multilinear function. This norm is defined to be the g.l.b. of numbers m 
such that 


(2.2) |Gi(X,, Xo, °°: , Xe) | Sm, with | X; | = 1. 


If all the variables have the same value, say XY; = X, the multilinear function 
becomes a homogeneous polynomial of k-th degree in X. Such a polynomial will 
be denoted by G,(X). From (2.2), one gets 


(2.3) | G(X) | < ge | X |. 
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It may well be that g, is not the smallest number satisfying (2.3). But in some 
of the subsequent proofs it is necessary to have an inequality which may also 
be applied to a multilinear function. For uniformity, we use the same norm for 
both the homogeneous polynomial of degree k and the multilinear function. 

A generalized power series is a sum of homogeneous polynomials in X. If 
F(X) is a generalized power series, 


(2.4) F(X) = > G(X). 


The theory of convergence of these series is complicated by the possible existence 
of divisors of zero in A. If X is a properly nilpotent element of WM, all but a finite 
number of terms of (2.4) are zero and convergence is automatic. The non- 
commutativity of A also complicates the situation. Consider the two series 


F(X) = >> A.X*, F(X) = >> X*A,, 
k=0 


k=0 


i r= (2°) 
6% 69 


These series may be written in the form 


i © x *y') : = © (< wp 
re) = (7 y J? FAX) = 2 0 yl 


Now it is clear that, if « = ? and y = }, the first series will converge but the 
second will diverge. 

Some of these difficulties may be avoided by considering absolute convergence, 
or convergence of the series of absolute values. 


where 


THEOREM 2.1. Jf a series converges absolutely, in the sense of the absolute value 
defined above, it converges. 


Let a, denote the absolute value of the k-th term of the series in (2.4) and let 
S, denote the sum of the first r terms of the series. Then 
r+p 


\B0-&1S 2 & 


k=r+l1 


By hypothesis, for any positive e there exists an m such that r > m implies 


r+p 
2, &S& 
ko=r+l 
Therefore, | S,,., — S, |< e. Use BE, (¢ = 1, 2, --- , n) for a basis of YA and 


write 
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Chen, for every p, 


(2.5) +. ee Tees 


It will now be shown that there exists a number b, which depends only upon 
the basis, such that (2.5) implies 


(2.6) | Sasz.6 — 8m.i| S be (¢@ = 1,2,---,n). 


Let b; be the minimum, with respect to the 2; , of 


| (+ DE, — > 2B, |. 


No b; = 0. For, if it did, one would have, by (1.1), a linear dependence of the 
E, , which is impossible. Let b be the reciprocal of the smallest b; . Then, for 
every 7 and arbitrary values of x; , one gets 


® n 
| al, | ” | x; | | Dy eiBs/xs | = | x; |/b. 
‘- 
Therefore, | x; | < b| >> 2;Z;|. Applying this result to (2.5), one gets (2.6). 
Because the coefficient field is complete, (2.6) implies that for every 7 there exists 
a number s; which is the limit of the sequence s,,,,; . Therefore, the sequence S, 
converges to >, s,E; . 

The region of absolute convergence of the series will usually be much smaller 
than the region of convergence. In the situation considered here, the closure of 
the region of absolute convergence is, in general, a proper subset of the closure 
of the region of convergence. In the case of a complex variable, the closures of 
these regions are the same. 

It is usually very difficult to find, or define in terms of the codrdinates, a 
maximal region of absolute convergence. It may also be difficult to define a 
maximal region of absolute convergence in terms of absolute values. However, 
it is sometimes very simple to find a region in which the convergence is absolute. 
The following theorem gives a very crude, but sometimes useful, criterion for 
the absolute convergence of a generalized power series. 


THEOREM 2.2. If >> g,x* converges on |x| < c, the series (2.4) will converge 
absolutely and uniformly on | X | < ce’ < ce. 


By applying (1.2) and (2.2), one gets 


1421 < DIAM) <Dwlxl 


Therefore the series converges absolutely on | X | < c. The Heine-Borel theorem 
may be applied to the closed region | X | < c’, so it is easy to prove uniformity 
of convergence. 
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3. Differentials. Let F(X) be a function which may or may not have a 
generalized power series. The differential [1] of this function, if it exists, is a 
function of X and of the increment of X (call this increment H) which is linear 
in the increment and, in a sense, approximates the function. The differential 
(denote it by D[F(X), H]) is the linear and homogeneous function of H with the 
property that for any e > 0 there exists a d such that | H | < d implies 


| F(X + H) — F(X) — D[F(X), H]| < e| HA |. 
From this relation it is easy to prove the following theorems. 
THEOREM 3.1. If the function has a differential, this differential is unique. 


THEOREM 3.2. If each of two functions has a differential, the differential of the 
sum is the sum of the differentials. 


THEOREM 3.3. If each of two functions has a differential, the differential of their 
product is the differential of the first multiplied by the second function plus the first 
function multiplied by the differential of the second. 


This differential has been used extensively in general analysis. The existence 
of this differential is more restrictive than the existence of the Hamiltonian 
differential as defined in Wedderburn [12]. The Hamiltonian differential is 
directional. In order for the Fréchet differential (defined above) to exist, all 
directional differentials must exist and it must be possible to incorporate them 
all into a single linear function defined over the whole space. Graves (see [2] or 
[3]) clarifies this distinction in a more general case. 

Higher differentials have been defined by Graves (see [2] or [3]). The k-th 
differential of a function is a multilinear function of k independent increments. 
It is defined inductively. It satisfies this condition. If e > 0, there exists a d 
such that |“H; | < d implies that 


| F(X + H, + =. + H,) — F(X +H, + a + H,-,) — D‘[F(X), H, --- H,) | 
<e|H,|---|A,|. 


For our purposes it is convenient to specialize this by making all the increments 
equal after finding this multilinear function. Then the k-th differential is 
denoted by D*[F(X), H]. 

THEOREM 3.4. If the r-th differential exists, it is unique. 


THEOREM 3.5. The r-th differential of a sum of functions, each of which has an 
r-th differential, is the sum of the r-th differentials. 


The proofs of these theorems are omitted. Some special cases are of interest, 
for they show how these differentials compare with the derivatives which are 
used in commutative cases. For example, 


D[X®, H] = X°H + XHX + HX’, 
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and, if G,(X) is a homogeneous polynomial in X of degree k, 
(3.1) D'(G,(X), H] = k! G,(A). 


Turorem 3.6. If F(X) is defined by (2.4) and if >- g, | X |* converges uniformly 
on | X | < c, then >> D[G,(X), H] converges absolutely and uniformly on | X | < ¢ 
and equals D[|F(X), H]. 


First, it will be shown that the sum of the differentials converges uniformly. 
By applying Theorem 3.3 and (2.2) one gets 


| D(G.(X), H]| < kg. |H| |X|. 


The hypothesis that >> g, | X |* converges uniformly on | X | < c implies that 
> kg. | H| |X |** converges uniformly on | X | < c. Therefore, the sum of 
the differentials converges uniformly. 

The proof that the sum of the differentials is D[F(X), H] is separated into two 
cases. First, suppose X = 0. Then one gets 


FO + H) — F@) — GA) = D GA), 
k=2 
and taking absolute values, one gets, by using (2.2), 
| FO + H) — FO — GA) |< |? Xa) Hi. 
k=2 


The quantity in brackets has a bound on the region | H | < c. Call this bound b. 
Take | H | less than the smaller of c and e/b. Then surely 
| F(0 + H) — F(O) — G,(A)| < e| HI. 


Therefore, G,(H) = D[F(0), H]. Moreover, if k > 1, D[G,(0), H] = 0. There- 
fore, >, D[G,(0), H] = D[F(0), H). 
Now consider the case with X ~ 0. First, one has 


6 
| G(X + H) + G(X) < 9% | H | > ag H*~"). 


|G(X + H) — GX) | < ko. || |X}. 


Now one can assume that | H | < | X |, so that this reduces to 


For any e > 0 there exists an m such that 

(3.2) | > G(X + A) — GA(X)|<|A| Dkg| Xi ' <e| aA} 
k=m k=m 

and such that 


(3.3) | DIGKX), H)| <|H| Dike |X| <el HI, 
k=m k=m 


provided | X | < c. 





ly 


ly. 
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One also has in this case 
| F(X + H) — F(X) - > [G(X + H) — G(X)] | 
< D1 G(X + #) - GX |, 
provided |H| <|X|and|H|<c— |X|. Using (3.2), one gets 


(3.4) | F(X + H) — F(X) - = (G(X + H) — G{X)]| se| A |. 


However, a finite sum has a differential; therefore there exists a d such that 
| H| < d implies 


(3.5) d (Gx + H) — GO) - Y DIGMX), HW) | <e| H |. 


When one combines (3.3), (3.4), and (3.5), he gets 
| F(X + H) — F(X) — > D[G,(X), H)| < 3e| H | 


and this is valid provided | H | is less than the smallest of the quantities | X |, 
c — |X|, andd. Therefore, the sum of the differentials of the polynomials is 
D({F(X), H]). 

The preceding theorem may be stated and proved in the same fashion by using 
r-th differentials. 

Let E, , E,, --- , E, denote a set of basis elements for A. Then, if Y = F(X), 
one can write 


X=) 2zE£,, H=D> hE, , Y=) yE., 


r=l1 r=1 a=l 


where y, is a function of the independent variables z, , x, , --- , 7, in the usual 
sense. 


THEorEM 3.7. If D*[Y, H] exists, then 





k a id ipa 
DY, Hi) -> > O2z,,02,, ° oy he, Ire, hea 


where the summation extends to all the n* ways of choosing the subscripts r; . 


The proof is given only in the case k = 1. Apply Theorems 3.2 and 3.3 to 
the assumed differential to get 


| E.y.(X + H) — E,y,(X) — E.Dly.(X), H] | < e| A, 
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provided | H | is sufficiently small. With H = h,E, this may be written as 





( , 7 ~~ , ) 
B, {Oe Ed — WE) — Diy (X), E.)}| < € | Be | 


Therefore, D[y,(X), E,] is the partial derivative of y, with respect to z,. Recall 
that D[|Y, H] is linear and homogeneous in H. Therefore, 


Diy.(X), => ou: a 


r=1 





By applying Theorems 3.2 and 3.3 again, one gets the result stated for this case. 
For other values of k, the proof follows the same lines. 


4. Taylor’s theorem and generalized power series. In this section the rela- 
tionships between differentials and generalized power series are discussed. The 
first step is to consider homogeneous polynomials. 


k 
TuroreM 4.1. G,(X + H) = >> D'[G,(X), H)/r'. 


r=0 


First, let G,(X) = A,>XA,XA, --- XA, . The theorem will be proved by 
induction for this particular function and then extended to the general homo- 
geneous polynomial. Start with 


G(X + H) = G,(X) + G,(A) = G(X) + DG,(X), H). 


Therefore, the theorem is true if k = 1. Assume that it is true if k = s — 1. 
Then G,(X) = G,_,(X)XA,. Using Theorem 3.3 several times, one gets 


D'[G,(X), H] = D'[G,_,(X), H|XA, + rD"~"[G,_,(X), HHA, . 
Divide through by r! and add the resulting equations for various values of r. 
The result may be written in the form 


> D'[G.(X), H)/r! = G,_.(X + A)[X + HA, = G(X + A). 


Therefore, the theorem is true for this particular function. Any homogeneous 
polynomial of degree k is a sum of functions of this kind. Therefore, by Theorem 
3.5, the result of this theorem is valid for any homogeneous polynomial. 


THEOREM 4.2. Jf F(X) has a generalized power series expansion in a neighbor- 
hood of X = A, then 


F(A + H) = > D'[F(A), H)/rl. 
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Suppose that the generalized power series is > G,(H). By the extension of 
Theorem 3.6, which was mentioned but not proved, F(X) has differentials of all 
orders at X = A. Take the r-th differential of both members of the identity 


F(A + H) — > G,(H) 


with H as the independent variable. The result is 
D'|F(A + H), K) = > D'(G,(H), K). 
=0 


Now set H = 0. If k # r, D'|G,(0), K] = 0. Therefore, 
D'|F(A), K] = D'[G,(0), K] = r! G,(K). 


The last step depends upon (3.1). Thus the terms in the generalized power 
series are identified and the theorem is proved. 


THEOREM 4.3. Necessary and sufficient conditions that F(X) have a generalized 
power series are that each y, have a power series in the x, , and that, for all values of 
r, D'|F(X), H] can be written as a homogeneous polynomial in H—the multipliers 
will depend upon X. 


Necessity. Since the generalized power series converges, it will converge in 
each of the directions represented by the basis elements. Therefore, each y, will 
have a power series expansion in the z, , and this series will represent this compo- 
nent of the function. Theorem 4.2 states the necessity of the second condition. 

Sufficiency. Choose c’ so that on the region >> z,2¥ < ¢’’, where x* denotes 
the conjugate of x, each power series for y, in the x, converges absolutely. This 
region contains another, namely | H | < c, so that 


y=DLD oh - OX, he, hi, -** Ie, 


int rlda,,0%,, ** 





on the region | H | < c. The summation is to be extended to all the n" ways of 
choosing the subscripts k; . These series converge absolutely, so that, after 
multiplying both sides by EZ, and adding for all values of s, one gets 


y=>4>y> E.O'y. he, Ae, +> Ia, . 


roo Ts e=1 OX, OX,, eee OX,, 





By Theorem 3.7, this may be written as 
Y = >> D'[F(X), H)/r! 
r=0 
and the right member converges on the region H < c. By hypothesis, each 


differential may be replaced by a homogeneous polynomial of degree r in H. 
Thus the theorem is established. 
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This last condition is by no means trivial. It may be restated in this form: 
n polynomials in the variables x, cannot always be written as a single polynomial 
in X. Whether they can or not depends upon the properties of the algebra %. 
For example, in the case of functions of an ordinary complex variable, x’ + ixy 
cannot be written as a polynomial in z = z + iy. In other words, this eondition 
requires a kind of “analyticity”’ of the function. 

Papers by Ward [11] and Ringleb [7] indicate that the answer to this question 
may be found by generalizing the Cauchy-Riemann differential equations. It 
appears to the author that such a generalization must include partial differential 
equations of order higher than the first in order to be of value in this connection. 


THEOREM 4.4. Let F(X) be defined by a generalized power series which converges 
uniformly and absolutely on | X | < 2c. Then, on the region |X| <c,|H| <e, 


F(X + H) = > D'F(X), Hi/rt 
From Theorem 4.1, one gets 
(4.1) F(X + H) = D G(x + H) = > > Dia, H)\/r 
This double series converges absolutely. For, 


| D'[G.(X), H/r!| < Cig |X|" | A < Cgc’, 





and from this relation one gets 


I>} D1GX), HI/r!| < > S pas 


k=0 r=0 =0 r=0 


1 


= g.(20)*. 


This last series is convergent by hypothesis. Therefore, the terms of the double 
series may be rearranged. When one changes the order of summing in (4.1), he 
gets 


F(X + H) = YY Dia), Hr! = L DLR), Hr. 


r=0 k=0 


“cc 


This last theorem enables one to shift the center of a “‘sphere’’ of absolute 
convergence. The new series, formed by such a shift, was proved to converge 
only on the region | H | < c. However, it may happen that the new series will 
converge on a region which extends outside the region of convergence of the 
original series. In this case one would have an analytic extension of the original 
series. An example of this is given in the next section. 


5. Matrix functions. A vast number of papers has been published concerning 
the matrix functions which one gets by changing the variable in an ordinary 
power series to a matrix. (For a complete bibliography of this subject, see, for 
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instance, [11], [12], or [5].) The foregoing theory can be applied to these functions 
to get some interesting results. 

Let M be the complete matrix algebra of order n’ over the field €. One way 
to define a matrix function is to change the power series 


(5.1) (x) = > a,x" 
k=0 
into the matrix function 


(5.2) F(X) = Si a,X'. 


Another method for generating a matrix function is to start with a set of 
partial idempotent elements, P; , and the associated characteristic roots, A, , 
and nilpotent elements, Q; (i = 1,2, ---,v). Then, if g(x) is an analytic function, 
and not just an element of such a function, one can write a matrix function in 
Schwerdtfeger’s form [8] 


(5.3) G(X) = . p> g° (A) PQ; /r!. 


If g(x) agrees with f(x) on the region where f(x) is defined, then G(X) is an 
analytic continuation of F(X) [10]. 


THeoreM 5.1. If G(X) is defined by (5.3), and if X is a regular point of G(X), 
then 


n a”**g'(a, ¥ 


(5.4) D(G(X), H) = > di) PQ) HP; Q;/r's!, 


i,i=l r,ae=l On; On; 


where 


(5.5) g'(x, y) = [g(x) — g(w))/(@ — y). 


The proof of this theorem consists in showing that the identity of the functions 
F(X) and G(X) can be extended to their differentials. The first step is to use 
Theorem 3.6 and to show that the differential of a matrix function defined by 
(5.2) is of the form shown in (5.4). This calculation is tedious and will be 
omitted. Since G(X) and F(X) are identical when both are defined, the same 
is true of their differentials. Therefore, on the region for which F(X) is defined, 
the theorem is valid. The function appears in (5.3) and (5.4) only with a com- 
plex number for its argument. Therefore, the theorem will also be true on any 
region to which g(x) may be extended by analytic continuation, i.e., the range 
on which G(X) is defined. 

The differential of a function shows the local properties of the mapping induced 
by the function. Thus the preceding theorem enables one to describe the local 
properties of the mappings of these matrix functions. 
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Because the matrices P; are (algebraically) orthogonal idempotents in M, the 
subspaces 


(Si 
II 

a 
4 


are a set of linear subspaces whose linear extension is 9). 


THEeoreM 5.2. The invariant subspaces of the linear transformation defined by 
(5.4) are S,, and the associated scalar factor is g’(X, , d.). 


From (5.4) and the multiplicative properties of the partial idempotent ele- 
ments, one gets 
n a°*’g'(A, ; d.) 


D[G(X), S,.] = ’ 
p.e=0 plc !dn2an? 


POPS, .P.Q . 

The right member is obviously contained in S,, and the one term with p = « = 0 
is the whole of S,,.. Therefore, each S,, is an invariant subspace of the differen- 
tial. In case the Q; are all zero (all elementary divisors of X are linear), the 
theorem is proved. In the contrary case, suppose that Q? + 0, Q* ¥ 0 and that 
Qs*' = Q*' = 0. Then the subspace Q°G,, Q? is invariant. For, one gets 


D{G(X), QFS,.Q2] = g(a, , A. )P-Q?S,.P.QE . 
The associated scalar factor is g’(A, , \,) and the theorem is proved. 
THEOREM 5.3. If all the nilpotent elements of X are zero and if X is a regular 
point of G(X), the k-th differential of G(X) is 
(5.6) kid --- DS gO. ,A0 5 °°° » AP: MP;.H --- HP, , 
to=l ik=l 


where g(a , 1, *** , ty) is the k-th divided difference of g(x). 


The proof of this theorem follows the same pattern as that of Theorem 5.1 
and is omitted. The restriction that the Q; are zero is not essential to the proof 
but is inserted to simplify the resulting expression for the differential. 


THEOREM 5.4. If all nilpotent elements of X are zero and if all the characteristic 
roots lie within a circle of convergence of an analytic element of g(x), there is a 
neighborhood of X on which 


>> D'[G(X), H)/r!. 


r=0 


G(X + H) 


First, it will be shown that ther ‘s a neighborhood of X on which the sum of 
the differentials converges absoluteiy. Let > a,(x — a)* be the analytic element 
of g(x) and let g*(x) be the function > a,| |x — a)". Letc be the radius of 
convergence of these two series. Then, from 


gO... -** ke) = DG. — O” --- A. — @”, 
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where >>’ means to add all such terms with }> a; = s, one gets 


Lo An, °-s MIDIS DL’ law] 1a. — al +>: |e, — @ |. 
s=0 
Let m be the largest of the quantities | \;, — a|. There are ,,,C, terms in )”’. 
Therefore, one gets 


Loses eee Med 1S DO Lares | eeeCem’. 


e=0 
However, from the definition of g*(x), one has 
(r+ s)!|a,.,| = g*°*? (a). 
Finally one gets, then, the inequality 


(5.7) lg? (Ay, ° + y Ae) | S g*O(m + a)/ri. 


to 


From Theorem 5.3 one has 


| D[G(X), H/r!| < Dees Vig? A. dw 1A, 
to=l izn=l 
where p is the largest of the quantities | P,; |. Apply (5.7) to the right member 
of this inequality and add for various values of r. The result is 


(5.8) > | D'[G(X), HV/r! | < & gt? (m + apn)" | A I '/r't. 

r=0 r=0 
The point « = m + ais a regular point of g*(x) because m < c. Therefore, 
g*(x) has a power series expansion in (xr — m — a). Let c’ denote the radius of 
convergence of this series. Then if np | H | < b, where b is less than the smaller 
of c’ and c — m, the series in (5.8) converge absolutely. 

In order to show that the sum of the differentials converges to G(X + H), 
consider the related functions f(x) and F(X) in (5.1) and (5.2). Theorem 4.4 
states the desired result for the function F(X). Since F(X + H) can also be 
written in the form (5.3), one gets 


F(X + HK) = D& D'[F(X), Wr! = DS VSP ODP /r!, 
r=0 i=l r=0 

where Xi , »’, P{ , and Q! refer to X + H. But Theorems 5.1 and 5.3 show how 
to write the differentials so that the function appears only as f(x). Therefore, 
this identity will be valid for any analytic continuation of f(z). Thus it is true 
for g(x) and consequently for G(X). This completes the proof of the theorem. 

Example. Let G(X) = (I + X)”. A series for this function which is valid 
in a neighborhood of the origin is 


(5.9) G(X) =I-X+X’-X*4+.--- 
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A generalized power series for G(X), which is valid in a neighborhood of X = B, is 
(5.10) G(B + H) = A — AHA + AHAHA — AHAHAHA+.:-:-, 


where A = (J + B)™*. Observe that this uses the formula 


D(U + B)", H) = —(U + B)'H( + B)*. 


1f3 1 
— (3 2 
and find | B| = .41. Therefore, (5.9) converges absolutely when X = B. With 


H = I, and this same value for B, (5.9) will diverge for X = B+ H = B+ I. 
With this value of H, the series (5.10) will converge absolutely for 


Let B represent the matrix 


|A| =| +B)"| = 82 <1. 


Therefore, (5.10) gives a value for G(B + J) while (5.9) does not. Thus (5.10) 
represents an analytic extension of (5.9). This illustrates the situation described 
at the end of the preceding section. 

Relation to the literature. Hausdorff [4] made one of the first attempts to get 
a generalization similar to the one given here. He used only the first differential 
and called a function analytic if its first differential existed and could be written 
in terms of the algebra. In this notation, 


D[F(X), H]} = >> aj; E.HE, . 
t,7=1 
Ringleb [7] extended this idea by showing how certain decompositions of the 
algebra are reflected in the function. He also tried to use expressions like 


‘ : tk 
D iacteincedle te “0 ¢ + 


to get generalized power series. He was unsuccessful because he used only the 
first differential. Ward [11] defined a derivative, even in the non-commutative 
case, but he did not get a satisfactory second derivative. Most other papers 
do not go very far until they make a restriction that the algebra is commutative 
or that any multipliers appear only on one side of the variable. 
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SOME THEOREMS ON DOUBLE TRIGONOMETRIC SERIES 
By Georce E. Rrves anp Orro SzAsz 


1. Introduction. The present- paper generalizes to two variables the following 
theorems: 

(a) The Cantor-Lebesgue theorem [7; 267]. If a, cos nx + b, sin nz —Oina 
set of positive measure, then a, — 0, b, — 0. 

(b) The Fatou-Denjoy-Lusin theorem [1], [7; 131]. If 


>> | a, cos nx + 6, sin nz | 


converges in a set of positive measure, then >> (| a, | + |b, |) < ©. 

(c) Two theorems of Szdsz [5; 376-378] on absolute convergence of Fourier 
series. 

In some special cases and in a slightly different way such results are given in 
the Ph.D. thesis of Reves (Cincinnati, 1941). 


2. Generalization of the Cantor-Lebesgue theorem to two variables. 
THEeorEM I. Let 


Ann(2, Y) = Ann COS mx cos ny + b,,, SiN mx COs ny 
_ 


(2.1) 

+ Cm, COS Mx sin ny + d,,, SiN mx sin ny. 
If 
(2.2) lim A,,,(z, y) = 0 


in a two-dimensional point set E of measure | E | > 0, then 


(2.3) pan = (a2, + 02, + 2, + a2)! > 0 as m and n tend to ~. 





Any double limit is meant in the Pringsheim sense, i.e., m, n tend to 
simultaneously but independently. 
Proof. We may dismiss the A,,, for which p,,, = 0. Let 


Amn(X, Y) = PmnBmn(2, Y); 


so that 


A mn(2, Y) 
(2.4 B,.(t, y) = ———a 
70 4te.4+e.48) 
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We first prove that 
(2.5) | Bin», y)| <1 for all (x, y). 


We define pan, Ynn»% = Omn» 8 = Onn bY 


Ann = Dmn COS , Dan = Pmn SiN o, (Pan = 9, Gun 2 0); 
(2.6) 

Cun = Ymn COS 8, dan = Ymn Sin 8, (0 < $, 6 < 2r), 
so that 
(2.7) Pm - Onn + Din ’ Gann _ Con + dan ’ Pan — Das + Jan ’ 
and 
(2.8) A mn(X, Y) = Pmn COS (MX — ) COS NY + nn COS (mx — 8) sin ny. 


From (2.8) we have 





A mn(X, Y) | < Pmn | COS NY! + Gun | Sin ny |. 
An application of Schwarz’s inequality gives 

| Anal, ¥) | S (Pan + Gan)? = Pan « 
This relation proves (2.5). By assumption (2.2), 
PinnBinn — O for (2, y) in E. 


Hence, by using a theorem of Egoroff [4; II, 144], corresponding to any « > 0 
there exists an EF, contained in EF with | E,| > | E| — e > 0, such that 





PinnBmn — O uniformly for all (x, y) in E, . 
From (2.5) a fortiori 
PinnBun — O uniformly for all (a, y) in FE, . 
Hence, we can integrate over E, and get 
pax || Brae, y) de dy — 0. 
E, 
To prove that p,,,, tends to zero as m and n tend to ©, it is sufficient to prove that 


fae I/ By.,.(x, y) dx dy 


EB; 
is bounded away from zero for all m, n sufficiently large, or what is the same thing 


(2.9) lim Jn, > 0. 


m—2o 
no 
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We have from (2.4), (2.7) and (2.8) that 


Tan = I 2 —- [pa. cos* (mx — ¢) cos*ny + gz, cos* (mx — 86) sin’ ny 
Pmn qd 
Bz, 


+ WanInn COS (mx — ) cos (mx — 8) cos ny sin ny] dx dy. 
Trigonometric reduction yields for the expression in brackets: 
(Dan + Gan) + 3p2,,[cos 2(mz — ¢) + cos 2ny + cos 2(mr — ¢) cos 2ny] 
+ 3q2,,[cos 2(mz — @) — cos 2ny — cos 2(mx — 8) cos 2ny] 
+ 3PmnGmn Sin 2ny [cos (2mz — @ — 8) + cos (6 — ¢)], 
hence 
In =4/E, (+12, 


where /%,, is a linear combination of eight Fourier coefficients of the periodic 
bounded function defined for 0 < x < 27,0 < y < 2x by 
(1 in E,, 
f(x, y) = 


0 otherwise, 


the multipliers in the combination not exceeding x’ numerically. Consequently, 
as m or n or both become infinite 
Ia. 7 }4|E,| > 0, 


from which our theorem follows. 


3. Generalization of Fatou-Denjoy-Lusin theorems to double series. 


THEOREM IT. Let A,,,(x, y) be as defined in (2.1) or in the equivalent form (2.8). 
If the general double trigonometric series 


Y Anm(2, v) 


is absolutely convergent in a two-dimensional point set E of positive measure | E | > 
0, then 


wo 


DS Pm < 


m.n=1 


Proof. We may again dismiss the terms for which p,,, = 0. We define Q(z, y) 
in E by 


Qs, ») = >> | A,.(2, y) |. 
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By assumption Q(z, y) has a finite value for every (z, y) in E and is the limit of 
the sequence of continuous functions 


m,n 


Qaa(z, y) = DS | A,(z, y) |, (x, y) in E. 


a,v=l 
An application of Egoroff’s theorem asserts that to any « > 0 there exists a set 
E, contained in E with | EF, | > | Z| — e > 0, such that the sequence Q,,,,(2, y) 
converges uniformly in E, to Q(z, y) which in E, has the finite bound B. In 
consequence of the uniform convergence we may integrate the series termwise 
over EF, and get 


a I | A, (2, y)| dxdy <B|E, |, 
u,v=l z, 
or, by (2.4), 


Bs I/ | B,.(x, y) | dx dy < B! E, |. 


u,v 
By 


To prove our theorem it is sufficient to show that 


J. ws / | Bas(x, y) | dx dy 


EB, 


is bounded away from zero for all m, n; and in view of (2.5) it is sufficient to prove 
the same for J,,, . This follows (using the argument of §2) from /,,, > 0 and 
I’, — 0 as one or both indices tend to @. 


4. Absolute convergence of double Fourier series. For any function f(z, y) 
we employ the following notation 


Auf(z, y;8,t) = Auf =f(ix+s,y+t) —fia—s,yt+d 


(4.1) 

—faertsy-—)+f@-—s,y — 0), 
(4.2) Aw f(z, y; 8) = f(x + 8, y) — fix — 8, y), 
(4.3) Aoi f(z, y; t) = f(z, y + t) -~f29- t), 


5. L © . | ee 1/p 
(4.4) M,(Auf) = (4 [- [- | Auf(x, y; 8, t) |” dx iv) ; 


1 7  . e \/p 
(A [e+ so -s0- sn pracdy)” 


fo e © . ; a a ss 1/p 
(4.6) M,(daf) = (4 [. eg fz,y+ ) —fiz,y— ) dx iy) , 


(4.5) = M,(Arf) 


Xoo = i, Amo - Non - }, Pine = ] (m, n > 0), 





> 


Pp 


of 


ve 
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nn + 1D Aas / / flu, v) e’”™” cos nv du dv 
(4.7) vd og (m,n > 0). 


, io a imu .: 
Ca t+ hen * / / flu, v) e’”™ sin nv du dv 
T —F -@ 


Thus with the notation of §2 and the coefficients (4.7) the double Fourier series 


of f(x, y) is 


(4.8) f(x,y) ~ DO Anz, y) 


mn=0 


and it follows from (4.1) that if f(z, y) is a function of one variable, then 
AuS(z, y; 8, ) = 0. 


TueoreM III. Suppose f(x, y) is periodic and in L’. Let U;(t) (i = 1, 2) be 
positive non-increasing functions of t such that U;(t)|Oast|0. Let V(s, t) bea 


positive function which is non-increasing as s| 0 orast|0. Suppose0 <k < 2 
and 


oy k 
4.9) —}k —}k | v(5. *) | ©, 
( } a Me . 
~ k 
(4.10) yu [u.(z) | < @ Gi = 1, 2). 


If f(x, y) satisfies for 0 < 8s < 4,0 <t < x each of the inequalities 


(4.11) M,(4,,f) < V(s, 0), 
(4.12) M(Awf) < U,(s), 
(4.13) M;(Aof) < U,2(t), 
then 


Zs te % 


u,v=0 


Proof. With the aid of (2.8) and (4.8) we get 
(4.14) A, f(z, y; 3, ) ~ 4 i sin ms sin nt L,,,.(z, y), 
mn=l 
where 


(4.15) Linn(2, Y) = Pm» Sin (mx — >) sin NY — Gn. Sin (mx — 6) cos ny. 
Write 


(4.16) Jan = al [ Lila, y) dx dy; 
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then from (4.15), 
Fon = Dan + Jn = en ° 


Now (4.14) is a Fourier series of a function of x and y in L’; hence squaring (4.14) 
and integrating over (—x, —7; x, 7) we obtain 


MyAuf) = 2. / / | Ai f(a; y; 8, t) |? dx dy 
TT -* -* 


16 >> Ja» sin’ ms sin’ nt 


mn=1 


II 


16 >> px, sin’ ms sin’ nt. 


mn=l 


By assumption (4.11) this gives 


> 2, sin? ms sin’ nt < V(s, é). 


m,n=1 


Hence, a fortiori 
mn 


> 3, sin? wssin’ vt < Vs, é). 


uyve=l 


Now choose m, n arbitrarily and choose s and ¢ such that 


a ae jo 
2m’ 2n’ 
then using 
, 4 - 4 , 
sin’ us > u's, sin’ vt > vit, 
T T 
we get 
m—1,n—-1 ( x =) 
2 22 2 2172 
my <mn vb =——, = 3. 
2X, — ae 2m’ 2n 


On replacing m by 2m and n by 2n we easily obtain 
2m—1 2n-1 , r x 

i Ee cu (52) 
perm ven 4n 

Now by Hélder’s inequality for double sums [3], 


2m—1 2n-1 2m—1 2n—-1 hk 2 
ES te < mn (‘SE ot) (= 52;>1): 


s=m PKR um pen 
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and using (4.17), 


2m—1 2n—-1 , , 
2 Lee < 2m ° dm’ tn 


Since V(s, ¢) does not increase as s | 0 or as ¢ | 0, it follows that 


Lease Sse lv(s ae 


s=™ y=n sm v=-n 


Take 


and sum over 7 and X. This yields 


ry @ k 
LS? ye v(5 r) | ; 
ree | Pars | Me 


which by (4.9) gives 


We now wish to prove 


pe es > ob < @. 
pml 


y=1 


We introduce the functions 


699 


4.18) 9@)=5-[ flew) dy— ton, ry) = 2 fe, v) de — tame, 


so that g(x) and h(y) have the Fourier series 


g(x) ~ > A,o(z) = - (ano COS mz + bao Sin mz), 
(4.19) 7 — 


h(y) ~ > Ao,(y) = > (do, COS NY + Co, Sin ny). 


We now apply the Theorem 3.1 given by Szdsz [5; 376], where we put m 
p = 2 and obtain the condition 


(4.20) > n-* (M,(Ag)}" 


T T 
oz + $) - o(2- 4) 


where 


M.(Ag) = (4 / 








2 ; 
az) ‘ 


= 1, 
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However, it is easily shown by the use of (4.18), Schwarz’s inequality, and 
assumption (4.12) that 


(4.21) M,(Ag(s)) < U,(s). 


E-[a()] <- 


which in view of (4.21), with s = 2/n, gives 


as | arao(®)) | < @, 
n=1 


so that (4.20) is satisfied and Theorem 3.1 together with Remark 3.1 given by 
Szdsz [5; 376-378], when applied to the Fourier series of g(x), gives 


a tie < oO, 
u=l 


A similar argument from (4.13) and (4.10) and the application of Szisz’s Theorem 
3.1 to the Fourier series of h(y) gives 


ee eae 
v= 


Now from (4.10) we have 


Hence, 
DS mw < @, 
wev=0 


and our theorem is proved. 
For k = 2 (4.9) yields 


Dd px log (u + 1) log @ + 1) < o. 


wiv=l 


This follows from 


= » [f* sin’ ps ‘* sin? vt 
+ Pav | —— ds | ay a dit < ~, 
1 e s§ Jo 


A similar remark holds for the po, , pyo . 
The following theorem is a generalization of Theorem III. 


THEOREM IV. Let p, 9, 0; , o2 be constants such that 


(4.22) O0O<ps2<q, 2 = op + 029, 





V 


d 


Dy 


2m 
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Assume f(x, y) is in L* and assume V ,(s, t) and V,(s, t) are functions which decrease 
as 8 | 0 or as t | 0 and such that 


(4.23) : > ody, (*, *) : | v.(¢, =)|"} <@,0<k<2. 


If f(x, y) satisfies each of the inequalities (4.12), (4.13) and 
(4.24) M,(Aunf) < Vi(s, t), M,(Ai:f) < V,(s, t), 


then 


D par < @. 
u.e=O0 
Proof. We first prove 
(4.25) M3(Auf) < M3?(Auf) Me*(AuS). 


We introduce r, , r. such that r, + r, = 2,7, > 0,7, > 0. Now 


: 1 a a 
Mionp =f flags 
4g d-2 d-« 


An application of Hélder’s inequality for double integrals gives 





"= | Auf |"* dx dy. 


(4.26) Jo = MYAnf) < IMS IY = ME(AuS) Mt (Au), 
where \ > 1 and 1/A + 1/A’ = 1. Now we choose 7, , r. and such that 
Yr, = oP, To = 029, rh4A = Pp. 
Then our conditions on r,; , rz are satisfied. Now (4.26) becomes 
Mans) < MS"(Aus) Mo*(A Sf), 
which is the desired relation (4.25). On using (4.24) we get from (4.25) that 
M3(Auf) < [Vils, tI"? [V2(s, t)]"**. 
If we now define 
V(s, t) = [Vi(s, t)”” V2(s, t)***}}, 


then, by (4.23), it is seen that (4.9) is satisfied. Thus all assumptions of Theorem 
III are satisfied and Theorem IV follows from Theorem ITI. 
Application of Theorem IV. We choose 


(4.27) V.(s, t) = Cs™ t*, V.(s, t) = Cs** t. 


We also note that by (4.22) only two of the four parameters p, q, o; , a2 are 
independent. Therefore, we write 


= 4, o,=l1-— a, 
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and from 
2=op+ (l—o)g=q—- (q— pio 

we get 

ae lt en oe Se 

7-7 a “ees 
and correspondingly 
= ” 
>f =, = => ans ¢—s 


Now assumption (4.23) becomes 
o © p(a—-2)/(a—p) e(2-9)/(e-») | 

(4.28) 7 py! Ema [eo | f < o, 
a=l vl 


which is satisfied whenever 


Hl 4. %p(q — 2) + ang(2 — »| - 








q->P 
and 
HE 4 Sip(q — 2) + 6.92 =P] >i, 
2 “9 
or 
kiq — p + pq(a — a2) — 2aip + 2a.q] > 2(q — p), 
(4.29) 


kiq — p + pq(Bi — B2) — 28:p + 28.q] > 2(q — p). 
Assumption (4.24) becomes 
(4.30) M,(Auf) < Cs" &, M(Auf) < Cs® &. 


Now choose a, = 6; = p = 1 and write a, = a, 8, = 8; then for this special 
case (4.29) becomes 


(431) kg(2+a)—3)>2q-—1), &kg(2+ 8) — 3] > 2q — 1), 
and (4.30) becomes 
(4.32) Mi(Auf) < Cs, M,(Auf) < Cs*?’. 
We now assume that f(z, y) satisfies a Lipschitz condition Lip (a, 8) defined by 
\fe@+sytt) —fe-—syt+t) —fatsy—) +fie—s,y— | 
< Cs*?, 
a > 0, 8 > 0, and that f(z, y) is of bounded variation H [4; I, 345]. We shall 


(4.33) 








cial 





DOUBLE TRIGONOMETRIC SERIES 703 


prove that functions of bounded variation H satisfy the integrated Lipschitz 
condition given in the first condition in (4.32). Also (4.33) implies that the 
second condition in (4.32) is satisfied for every g > 0. Thus we can take g 


arbitrarily large, and so, on allowing g — @, we find that (4.31) and (4.32) 
reduce to 





2 2 
(4.34) &> 24a’ > 2+ 8’ 
and 
(4.35) M (Auf) < Cst, | Auf | < Cs*#. 


We now give a proof of the result used above that functions of bounded varia- 
tion H satisfy the Lipschitz condition [2; 37, Theorem VI] 


M,(A:,f) < Cst 
in the square —4r < s,t < r. We write 
1 T r 
Mido = 25 f | \sfet+ svt 9-fe- svt 
Tv —-2 ¥-—¢£ 


—f(z + 8,y—-)+fe- 8,y — t) | dxdy. 


Now using the concept of a Stieltjes integral we have 
fatsyt+-fe-sut+d=[ afey+d, 


if f(x, y) is of bounded variation in z for constant y + ¢; 


also 


fle+sy-)-fe-sy-d=] afe,y- 9; 


hence 


Let f(z, y) be of bounded variation in y for every z; then 





[O° aise, v + 0 = sou, y — oi ae dy. 


fuy + )-fuy-)= [ase o); 


hence 





4x°M,(Auf) = sf s dx dy fr d, fr. d, f(u, v) 
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Now 
lAuf| = x dj fu,y+) —fu,y- oi 
< flats, y+ 9 - su, y — 9) |, 
so that 
40°M,(Au.f) < '¢ i we [ ‘ld, eB d. flu, v) 
As 


xr-scucsca2rts, y—t<svsytt, 


we have 


4M (Auf) < (fa I | d.f(u, v) ) i” w) ([ in). 


Suppose f(z, y) has a finite total variation 


Vf) = Dad. Do | fleinen 5 Poor) — flees 9%) — Atty 5 Poor) + HCH, 5 0») [3 


then the above inequality yields 
M,(Auf) < stV(f) 


since 


| d.f(u, v) l.u.b. = | f(u, 41) — flu, v,) | = Fw), 


® v= 


| | d,F(u) | = lab. > | F(uzsi1) — F(u,) 


5 ead 


m—1 n—l 


lu.b. > > | f(aar » Vrsr) — S(yer , v,) 


u=0 | v=0 


n-1 | 
— DS | fu, , %401) — fu, , »,) | < Vif). 


v=0 


Since a function of bounded variation H has V(f) finite, is of bounded variation 
in x for every y and is of bounded variation in y for every x, our proof is com- 
pleted. 


Summarizing we have the 





ae fe 
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CoroLttary. Suppose that f(x, y) satisfies the Lipschitz condition (4.33) for 
some a > 0, 8B > 0, and that it is of bounded variation H; let 


2 .: >. 
b> max (SF ea) 


then 


ky a < 4. 


wev=O0 


Note. To construct a counter example for the purpose that k = 2/(2 + a), 
a = £6, no longer gives absolute convergence of the Fourier coefficients, consult 
Zygmund’s function z(x) in [6; 591-598] and in [7; 138] and consider the double 
Fourier series of f(x, y) = 2(x)z(y). 

For a counter example for Theorem III we may either consider special functions 
V (like the Lipschitz condition), or try to copy Sz4sz’s method in his Transactions 
paper and use functions of the type f(z, y) = z(x)u(y). 
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INTEGRAL FORMULAS IN CROFTON’S STYLE ON THE SPHERE AND 
SOME INEQUALITIES REFERRING TO SPHERICAL CURVES 


By L. A. SANTALO 


Introduction. Several integral formulas referring to convex plane curves, 
notable for their great generality, were obtained by W. Crofton in 1868 and 
successive years from the theory of geometrical probability [6], [7], [8], [9], [10]. 

A direct and rigorous exposition of Crofton’s principal results, adding some 
new formulas, was made in 1912 by H. Lebesgue [12]. Another systematic 
exposition of Crofton’s most interesting formulas, together with the generaliza- 
tion of many of them to space, is found in the two volumes on integral geometry 
by Blaschke [2]. 

The purpose of the present paper is to give a generalization of Crofton’s 
formulas to the surface of the sphere. This is what we do in part I. We find 
further integral formulas on the sphere (for instance, (16), (17), (20), (21)) which 
have no equivalent in the plane. Other formulas, if we consider the plane as 
the limit of a sphere whose radius increases indefinitely, give integral formulas 
referring to plane convex curves (e. g., (34), (35)) which we think are new. 

In part II, with simple methods of integral geometry [2], we obtain three in- 
equalities referring to spherical curves. Inequality (38) is the generalization to 
the sphere of an inequality that Hornich [11] obtained for plane curves. (52) 
and (58) contain the classical isoperimetric inequality on the sphere. Finally, 
inequality (61) gives a superior limitation for the “isoperimetric deficit” of 
convex curves on the sphere. 


I. FORMULAS IN THE CROFTON STYLE ON THE SPHERE 


1. Notation and useful formulas. The element of area on the sphere of unit 
radius will be represented by dQ; that is, if @ and ¢ are the spherical codrdinates 
of the point 2, we have 


(1) dQ = sin 6 dé de. 


A great non-directed circle C on the same sphere of unit radius can be deter- 
mined by one of its poles, that is, by either of the extremities of the diameter 
perpendicular to it. Since dQ is the element of area of one of these extremities, 
the ‘“‘density”’ for measuring sets of great circles on the sphere is [2; 61, 80] 


(2) dC = dQ; 
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that is, the ‘“‘measure” of a set of great circles on the sphere is defined as the 
integral of (2) extended over this set. 

It is possible to give the density (2) another form, which will sometimes be 
useful. We consider a fixed great circle C, and a fixed point A on it. The great 
circle C can be determined for the abscissa ¢ of one of the intersection points from 
C and C, and the angle a between the two circles. If @ and ¢ are the spherical 
coérdinates of the pole 2 of C with regard to the pole Q, of C, , @ = a, ¢ = t, and 
(1), (2) give 


(3) dC = sin a da dt. 


Let us consider two great circles C, , C. and one of their intersection points Q. 
If a, and a, are the angles that C, and C, make with another fixed great circle 
which also passes through Q, the following differential formula [2; 78] is known: 


(4) dC, dC, = | sin (a, — a) | da, da, dQ. 


By (2), formula (4) can be transformed into a “dual” form. Let Q, and Q, be 
two points on the unit sphere and let C be the great circle determined by them. 
If 8, and 6, are the abscissas of Q, and Q, on C in relation to a fixed origin on this 
circle, (4) is equivalent to 


(5) dQ, dQ, = | sin (8, — B.) | dB, dB, dC. 


2. First integral formulas. Convex curves on the sphere. A closed curve 
on the sphere is said to be convex when it cannot be cut by a great circle in more 
than two points. 

A convex curve divides the surface of the sphere into two parts, one of which 
is always wholly contained in a hemisphere; that is, there is always a great circle 
which has the whole convex curve on the same side; we only have to consider, 
for example, a tangent great circle. 

When we say a “convex figure’’, we understand that part of the surface of the 
sphere which is limited by a convex curve and is smaller than or equal to a 
hemisphere. 

Let us consider a convex figure K on the sphere of unit radius. The radii 
which are perpendicular to the tangent planes (or, more generally, to the planes 
of support) to the cone which projects K from the center of the sphere form 
another cone whose intersection with the sphere is a new convex curve K*. We 
shall call K* the “dual” curve of K. The lengths and areas of K and K* are 
connected by the known relations 


(6) F* = 22 — L, L* = 2x — F. 


All the great circles C that cut K have their poles in the area bounded by 
K* and the symmetrical curve of the same K* with respect to the center. of the 
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sphere. This area equals 4x — 27* = 2L. Counting each pair of points which 
are the extremities of a diameter as a single point, and taking into account the 
value (2) of the density dC, we have 


(7) / dC = L; 


C+-K#0 


this means: on the sphere, the measure of the great circles which cut a convex 
curve is equal to the length of this curve. This result is given by [2; 81]. 


3. Integral of the chords. Let 2, and 2, be two points inside the convex curve 
K (always on the unit sphere) and let C be the great circle determined by them. 
The differential expression (5) can be integrated for all pairs of points within K. 


K 


Ficure 1 


The integral of the left side is F’. By calculating the integral of the right side, 
if g represents the length of the are of C that is contained in K (Fig. 1), we have 


(8) [ | sin (8, — B) dp, dp. = 2¢ — sin ¢). 
Hence 
©) | @-sing) ac = 4F. 
C+K#0 


This formula generalizes, as we shall see (§11), Crofton’s formula for chords 
in plane geometry. 


1. Principal Crofton formula. Let us consider all the pairs of great circles 
C, , C. that cut K. From (7) we deduce 


(10) / dC, dC, = L’. 


C,+Ke0 
Ca*Ke0 
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Now we can make the integration of formula (4) extend only to the pairs of 
great circles which cut K. If Q is fixed inside K, a, and a, can vary from 0 to r 
and 


(11) [CL sin eu = a) | de, da) dn = 2 f do = 2eF; 


QcKkK QcK 


if 2 i8 outside K, a, and a, can vary from 0 to the angle w between the great 
circles which are tangent to K and which pass through 2 (Fig. 2). By applying 


7, 
QQ 


FiGcureE . 2 


(8), the value of this last integral is found to be / 2 — sinw) dQ fora C K. 
Adding this result to (11), we have (10); hence 


(12) / wy ~ di adh o OL = (9 € K). 


This formula has the same form as Crofton’s fundamental formula of plane 
geometry. The integration in (12) is extended to all points 2 outside K, each 
pair of points situated in the extremities of a diameter being considered as a 
single point. 





5. “Dual” formulas. From a convex curve K we can deduce the “dual” 
curve K* as we have seen in §2. To a great circle C which cuts K corresponds a 
point 2* (the pole of C) which is not inside K*. The are ¢ of C inside K is equal 
to r — w*, w* being the angle between the two great circles tangent to K* drawn 
through 2*. Since F = 2x — L* (by (6)), formula (9) can be written 


(13) [@ — w* — sin w*) dQ* = 4(2x — L*)’ (Q* C K*). 


The integration is extended over the outside of K* (the points which are the 
extremities of the same diameter being considered as a single point) and conse- 
quently 


[ ao = 2(2r — F*) (Q* C K*). 
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Then (13) gives 

(14) / (w* + sin w*) dOQ* = 2xL* — xF*—4L" = (9* C K*). 
This formula holds for any convex curve K*; hence it is valid for K: 

(15) | (+ sine) do = 2eb — #F — YL (9 € K). 


From (15) and (12), we deduce 


(16) [oa = eb --F (9 € K) 
and 
(17) [ sin da seb ~ 0! (9 € K). 


The same procedure shows that formula (12) is equivalent to 
(18) [| @ - o —sing*) dc* = Qe — F*)' — xr — L4), 
C*-K*0 
where the integration is extended over all the great circles C* which cut K*. By 
(7) we have r| dC* = xL* and by substitution of this value in (18) and writing 


the formula for K, we have 


a9) | @+sing dc = oF — ¥F, 


C+K#0 


where ¢ is the length of the are of C which is inside K. 
From (9) and (19) we deduce 


(20) / ¢g dC = zF, 
C+Ks0 
and 
(21) / sin g dC = rF — 3F’. 
C-Ke0 


We repeat. In (16), (17), w is the angle between the two great circles tangent 
to K through Q; in (20), (21), ¢ is the length of the are of the great circle C which 
is inside K. 

The formulas (16), (17), (20), (21) that hold for any convex curve on the unit 
sphere have no equivalent in the plane. 
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6. Formulas for the tangents. Let K be a convex curve on the unit sphere 
with continuous radius of geodesic curvature. 

If 7 is the angle between a variable tangent great circle and a fixed tangent 
great circle and if s is the length of the are of K, the radius of geodesic curvature 
p, is given by 


(22) Po = Gy? 
and the Gauss-Bonnet formula gives 
ds 
(23) po? = [dr = 2 -F. 


K 


Let us consider two great circles tangent to K; let 2 be one of the intersection 
points of these circles. 7, and T, will be the lengths of the arcs of these great 
circles bounded by @ and the points of contact (7, and 7, < 7), and we represent 
by w the angle between the two tangent circles at Q (Fig. 2). 

We wish to express,the element of area dQ as a function of the angles 7, , 7, 
which determine the tangent great circles. 

For fixed 7, , as we pass from 7, to r, + dr, , the are T, is increased by dT, = 
(sin 7',/sin w)d7, . 

In the same way, as we pass from 7, to tr. + dr. , the are 7, is increased by 
dT, = (sin T./sin w)drz . 

Since the element of area dQ can be expressed in the form dQ = sinw dT, dT,, 
we find the desired expression 


sin T,-sin T, 
sin w 


dQ = dr, dr. 


or 


sin w 
(24) ca T, cin, dQ = dr, drz. 


7. We can make the integration of (24) extend over all pairs of circles tangent 
to K and, by counting each pair once only (to do this we must divide the integral 
by 2), we have, by (23), 


sin w 


- a : —— oes GY 2 4 id 
(25) lx T,-sin T, dQ = (22 — F) (QC K). 


Likewise, as in the preceding cases, the notation 2 ( K indicates that the 
integration must be extended over all points 2 outside K; the points situated in 
the extremities of a diameter are considered as a single point. 
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8. Let p,'’, p,”’ be the radii of geodesic curvature of K at the points of contact 
of the tangent great circles through 2. By virtue of (22), (24), we have 





sm « ——{— 


sin 7’, -sin 7: dD = deyde - 


By integrating this expression over all pairs of tangent great circles, counting 
each pair once only, we get 





(1) _ (2) 
» sj = Po Po = on 1 2 ~ 
(26) [: ino = T,-sin T, dQ = 3L (QC K). 


9. By (22) and (24), we have 


(1) 
.; Po 
6 a dQ = ds dr. 
sin 7',-sin T, sai 
and by integrating over all great circles tangent to K and observing that each 
point 2 is a common factor of two terms, it follows that 


(1) (2) 
(27) [ sin w Pe _t Po 


sin 7, -sin T, 





dQ = L(2x — F) (QC K). 


10. ‘Dual’ formulas. According to §5, from formulas (25), (26), (27) we can 
deduce the respective “‘dual” formulas. 





Ficure 3 


If ¢ is the length of the are of the great circle C which is inside K and a, , a, 
are the angles that C makes with the great circles tangent to K at the intersection 
points of C with K (Fig. 3), formula (25) gives 


sin 
(28) / 2 dC = 41’. 
SIN a, SIN a@, 
C+K#0 


We observe that the “dual” element of ds is dr* for the dual curve K* and 
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reciprocally. Then the dual expression of p, = ds/dr will be dr*/ds* = 1/p*. 
Hence, formula (26) gives 





sin 1 ae 
(29) ft He ae = ter - FY. 
SIN @,°SIN a2 ps -_" 
C-K#0 


Likewise, formula (27) gives 


_ sing (1 +) ie 
(30) Jos (4; + <a) aC = Qe — PL. 
C-Ks0 


11. Passage to the case of the plane. The classical Crofton formulas for the 
plane must result as a special case of the preceding formulas when the radius of 
the sphere increases indefinitely. Moreover, by this procedure, we shall find 
some new integral formulas. 

We observe the following. (i) The element of area dQ on the unit sphere can 
be replaced by dP/R’, where dP is the element of area on the sphere of radius R 
and, as R > ~, dP will be the element of area in the plane. (ii) Let us consider 
the form (3) for dC; for the sphere of radius FR this expression (3) must be replaced 
by dC = sin a da(dtz/R), where ty is the length of the are of the great circle of 
the sphere of radius R; when R increases to ©, (3) is lim R-dC = dG, dG being 
the ‘‘density”’ of the straight lines of the plane (recall that the “density” dG can 
be written dG = sin a da dt, where a is the angle which G forms with another 
fixed straight line and ¢ is the abscissa of the intersection point [2;7]). (iii) When 
we consider a sphere of radius R, the area F and length L which are in formulas 
from §§2-10 must be replaced by F/R’ and L/R, respectively. 

When these remarks are taken into account, the preceding-formulas give the 
following results. 

(i) Let us consider formula (9). If o is the length of the are that the great 
circle C determines in K, then ¢ = o/R and for R large we have 


3 5 
o o 


3IR SIR 








¢— sing = 
If dC and F are replaced in (9) by dG/R and F/R’, as R > ~ we have 


(31) / o dG = 3F’. 
G-K#0 
This is the classical chord formula from Crofton [9; 84], [10; 27], [2; 20]. 

(ii) Formula (12) maintains the same form for the plane. Indeed, w and sin w 
do not change; d2 becomes dP/R’, F becomes F/R’, and L becomes L/R; in 
the limit as R — ©, formula (12) does not change. It is the “‘principal’’ Crofton 
formula for the plane [9; 78], [10; 26], [2; 18]. 

(iii) Formulas (16), (17), (20), (21) have no equivalent in the plane, since, 
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when these formulas are written for the sphere of radius R, as R — @ the right 
side increases indefinitely. 

(iv) In formula (25), we must replace sin 7, and sin T, by 7,/R and T,/R, 
the element of area dQ by dP/R’, and F by F/R’. In the limit as R > @, we find 





(32) dP = 2x° (P C K). 

In this well-known formula ([12]; see also W. Blaschke, Differentialgeometrie 
I, p. 49), 7, and 7, are the lengths of the tangents to the convex curve K drawn 
through P, dP = dz dy is the element of area on the plane, and w is the angle 
between the tangents at P. 

For formulas (26), (27), it is only necessary to observe that the radii of geodesic 
curvature become the radii of the ordinary curvature of the plane curve. Hence 
formulas (26) and (27) give the known formulas [12] 





[ sino Pile gp — 472, | sine pi + & ap — om], 


(33) TT, TT, 


(P C K). 


(v) Formula (28), when ¢ is replaced by o/R (¢ is the length of the are that 
the great circle C determines in K and in the limit it is the length of the chord 
that the straight line G determines in K) and R increases indefinitely, gives 


o 2 
(34) | sin a, ‘Sin a, aG = 41. 
G-K#0 
a, and a, are the angles that the straight line G makes with the tangents to K at 
the intersection points of G with K. The integration in (34) is extended over 
all the straight lines G which cut K. 
Likewise, (29) and (30) give for the plane 





, iy a By 
jas Pi P2 SIN a, SIN Ae 

(35) oe 
/ (p: + p2)o dG an 2rL, 


Pi Po SiN a, SIN ay 
G@+-K#0 





where p, and p, are the radii of curvature of the convex curve K at the inter- 
section points of G with K. 
II. SOME INEQUALITIES REFERRING TO SPHERICAL CURVES 


12. A known formula. Hitherto we have only considered relations on the 
sphere between a convex curve K and points and great circles. Now we wish to 
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establish some new relations which arise from considering on the sphere sets of 
variable small circles ef constant spherical radius. 

Let £ be a rectifiable curve (not necessarily convex) of length L on the unit 
sphere. We consider on the same sphere a small circle C, of spherical radius 
p (p < 4m), whose length and area will be 


(36) L,) = 2m sin p, F, = 2x(1 — cos p). 


Let Q be the center of the circle C, and, as in §1, dQ the corresponding element 
of area of the sphere. If n represents the number of intersection points of the 
curve £ with the circle C, (n will be a function of 2), we have the known formula 


[on dQ = 2 EL, ’ 
ra 

or 

(37) [n dQ = 4L sin p; 


the integration is extended over the whole sphere. 

This formula is a particular case of Poincaré’s formula of integral geometry 
[2; 81]. In [2], the formula is established only for spherical curves composed of 
a finite number of ares with a continuously turning tangent. More generally, 
formula (37) is also valid for the case of a curve £ only supposed to be rectifiable 
and a circle C, . The proof can be copied step by step from that given for 
Euclidean space of n dimensions in [13]. 


13. An inequality referring to rectifiable curves on the sphere. In this section 
we generalize for curves on the sphere an inequality that Hornich obtained for 
Euclidean space [11]. The proof is analogous to that given for Euclidean space 
in [13]. 

Let us consider on the sphere of unit radius the rectifiable curve £ of length L. 
Let F be the area filled by the points of the sphere whose spherical distance from 
£ isp < 3x. 

We shall prove that 


(38) F < 2L sin p + 2x(1 — cos p) 


and establish the conditions for the equality in (38). 

Let M; (i = 0, 1, 2, 3, ---) be the area covered by the centers of the circles 
of radius p whose distance to £ is not greater than p and which have 7 points in 
common with £. 

By (37), we have 


(39) M, + 2M,+ 3M;,;+ 4M,+ --- = 4L sin p, 


and according to the definition of the area F, 





h 


m 


les 
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ba | 
_ 
~ 


(40) M,+M,+M,+M,+-:-- =F. 
From (39) and (40) we deduce 
(41) 2F — 4L sin p = 2M, + M, — (M, + 2M, + --:). 


We consider the are of a great circle of length D (< 2) which joins the extrem- 
ities of the given curve £ (if this curve is closed, D = 0). Let us call M*¥ (i = 0, 
1, 2) the area covered by the centers of the circles of spherical radius p which 
have 7 points in common with this are of length D (for i = 0 the arc is interior 
to the circle). 

The area filled by the points whose distance from the arc of length D is not 
less than p < $7 is limited by two ares of circles parallel to this are at the distance 
p and two semicircles of radius p at the ends. The value of this area is 
2D sin p + 2x(1 — cos p) and we can write 


(42) M$ + M}¥ + M#¥ = 2D sin p + 2x(1 — cos p). 
By (37) we have also 

(43) M¥ + 2M} = 4D sin p. 
From (42) and (43) we deduce 

(44) 2M} + M*¥ = 4r(1 — cos p). 


We observe that if the circle C of radius p contains in its interior the curve £, 
it contains also the are D. Hence M, < M#. Likewise if C cuts £ in only one 
point, it has one of its extremities in the interior and the other in the exterior 
and so the are D cuts the circle C also at only one point, that is to say, M, < M?¥. 


It follows that, by (41) and (44), 
QF — 4L sin p < 2M% + M# — (M;, + 2M, + ---) 


= 4r(1 — cos p) — (M, + 2M, + ---); 


hence 
(45) F + 4(M, + 2M, + ---) < 2x(1 — cos p) + 2L sin p. 


This inequality implies (38). 

The equality in (38) will be verified only if M; = 0 for i > 3 and moreover 
M, = M*%, M, = M*. Thecondition M,; = Ofori > 3 carries with it M, = M?*; 
since in the case when the circle C cuts in only one point the are of the great 
circle which joins the extremities of £, it must cut £ in an odd number of points. 
Consequently, the conditions for equality are: 


(i) M; = 0 (fori > 3). The curve £ cannot be cut by the circle C in more 
than two points. 
(ii) M, = M#, that is to say, if the circle C contains in its interior the two 


extremities of the curve £, it contains also the whole curve. 








718 L. A. SANTALO 


In particular, if the given curve £ is closed, the equality in (38) is valid only 
in the case of reduction to a point. 


14. Isoperimetric inequality on the sphere. Let K be a convex curve on the 
sphere of unit radius. We consider the exterior parallel curve to K at the 
distance p < 3x. This curve cannot have double points and its area is easy to 
calculate. The area is [3; 81] 

(46) S = F + Lsin p + 2zx(1 — cos p) — F(1 — cos p), 


or, with the values (36) of the area and the length of the circle of radius p, 
(47) S =F +P. +5 (LL, — FF). 


Let us put, as in the last section, M, (i = 0, 2, 4,6, ---) for the area covered 
by the centers of the circles of radius p which have 7 points in common with K 
(M, will be the area covered by the centers of the circles of radius p each of which 
contains K in its interior or which is contained in the interior of K). Since K 
is a closed curve, 7 is always even. 

The expression (47) is equivalent to 


(48) No + M+, + --- we POP +5- (LL, — FF,) 
and formula (37) gives 
(49) an eS er * LL, : 


Let us consider a radius p such that M, = 0, that is, such that the circle of 
radius p neither can be totally interior to K nor can contain K in its interior. 
From (48) and (49) we deduce then 


(50) M, + 2M, + +++ = 3- (Lly + FF.) — (F + Fi). 


We observe that, by (36), L6 + Fo — 4xF', = 0; hence we can write the identity 


7 


9, (LLo + FF.) — F + F,) 
us 


(51) 

= < [(L’ + F? — 4eF) — (L — Ly)’ — (F — Fo’) 
and (50) gives 
(52) L? + F? — 4eF = (L — Lo)’ + (F — Fo)’ + 4e(My + 2M, + --°). 








ich 


> of 
ior. 


tity 





INTEGRAL FORMULAS FOR SPHERICAL CURVES 719 


Since the second member of this equality always > 0, we obtain the classical 
isoperimetric inequality on the sphere 


(53) L’? + F? — 4xF > 0. 


This inequality has often been proved. See [1], [3] and [2], and the bibliography 
in [4; 113]. For proof with methods of integral geometry analogous to those we 
follow in this paper, see [2; 83]. 

Equality (52) is valid when F, and L, are the area and length of any circle 
which neither contains K in its interior nor is contained in the interior of K. In 
particular, if C¥ is the smallest circle which contains K in its interior and C, is 
the greatest circle which is contained in K, by neglecting the non-negative sum 
M,+ 2M, + --- , we have 


(54) L’ + F® — 4nF > (L — L,)’ + (F — F,)’, 

(55) L? + F® — 4nF > (L# — L)’ + (F# — F)’. 
Taking into account the general inequality 

(56) o+y > iret y)’, 

we may combine inequalities (54) and (55) into the inequality 

(57) I? + F* — 4aF > (454 5 Le)’ + (R= Fe)" 


This is a better form than (53) for the isoperimetric inequality. 
If we substitute for L, , L¥, F, , F¥ their values (36), relation (57) gives 


(58) L? + F* — 4nF > 42° sin’ ™ 5 ‘2 


where ry and r,, are the spherical radii of the circles C¥ and C, . 
T. Bonnesen [3; 82] has obtained the inequality 





L? + F? — 4nF > 49° tan’ ™ > r= 





which is better than our (58). His proof is completely different from ours. 
For a sphere of radius R, inequality (57) takes the form 





2 7 F F Le rr be)’ (# oP)’ 
which as R — o gives the inequality 
one 2 
(60) L’ — 4xF > (454) =F (tu — Tn); 


which is a well-known isoperimetric inequality for plane curves established by 
Bonnesen [3; 63], [4; 113]. 

















720 L. A. SANTALO 


15. An upper limitation for the isoperimetric deficit of convex spherical curves. 
We now consider only convex curves K with continuous radius of spherical 
curvature. We understand by radius of spherical curvature the limit of the 
spherical radius of the circle which has three points in common with the curve 
as these points approach coincidence. This radius p (p < $7) is connected with 
the radius of geodesic curvature p, by 


p, = tan p. 
Let py be the greatest radius and p,, the smallest radius of spherical curvature 
(both < $x). We wish to prove that 


Lt = Ly , F$ — Fo)’ 
pathy. 


/ 
(61) L? + F* — 4nF < ( 


where L, , Fy , L*, F% are now the lengths and areas of the circles whose radii 
are p,, and py respectively. 

Likewise, as the area of the exterior parallel curve to K at distance p was 
expressed by (46), when we consider the inferior parallel curve to K at a distance 
p < p,, , this curve will not have double points and its area is equal to 


(62) — Lsin p + F cos p + 22(1 — cos p). 


If we take p = p,, , area (62) will be the area covered by the centers of the 
circles of radius p,, which are contained in the interior of the convex curve K. 
If we represent this area by M, , we can write 


(63) M, = — Lsin p,, + F cos p,, + 2x(1 — cos p,,). 


We now wish to find the value of the area covered by the centers of the circles 
of radius py each of which contains K entirely in its interior. For this purpose 
we note that when the circle of radius p,, contains K in its interior, by a ‘dual’ 
transformation (§2) the transformed circle (of radius }4 — p,,) will be contained 
in the interior of the transformed curve K* (whose length and area are 2x — F 
and 2x — L respectively). The area covered by the centers of the circles of 
radius p,, each of which contains K in its interior will then be given by (62) if we 
substitute p for }4 — py , F for 2x — L, and L for 2x — F. 

It follows that this area is given by 










*(64) M*# = —Lsin py + F cos py + 2x(1 — cos py). 





This has the same form as (63). 
Let L, , Fy and L*, F* be the lengths and areas of the circles of radius p,, and 
pu respectively, given by (36). Formulas (63) and (64) take the form 





iJ 
Qn 


(65) M,=F+F,—- (LLy + FF») 
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When we take 





(67) L? + F? — 4nF = (L — L,)* + (F — F,)? — 40M, , 

(68) i? + F* — 4eF = (L* — L)’ + (F* — PF)? — 40M. 
ure 

Since M, and M* are non-negative, we have 

(69) L? + F? — 4nF < (L — L,)’ + (F — F,)’, 
adit (70) L’ + F*? — 4nF < (L* — L)’ + (F# — FY’. 
at These inequalities give a first upper limit for the isoperimetric deficit 
= L? + F? — 4eF. 
_ From inequalities (69) and (70) we find 

(71) L? + F? — 4eF < (L-L,+F — F,)’. 
the (72) L? + F? — 4eF < (L# — L + Ft — FY’. 
> K. Since the left sides are non-negative by (53) and since 

2 
ry < (+1) , 

rcles by multiplication of (71) and (72), we find 
pose 
ual’ _ 2 +2 Li a Lo Fe rare Fy y 
wee" (73) L'+ F’ —4nF < (4= + 9 ) ° 
— - 
1s of For a sphere of radius R we have 
f we R 

= 2 F (# = Le Fe sd Fe)’ 

= — < [+ SS" 

(74) I 4nF + R= 5) + oR , 

and as R —> @ , 

(75) L? — 4nF < }(L% — L,)’ = 2°(ou — 1,)’, 
and 


where py, and p,, 


convex curve K of length L and area F. 
This inequality (75) is a known inequality obtained by Bottema [5]; see also 


[4; 83]. 
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Ms = F + Ft — 2 (LL + FF). 
2 


into account identity (51), these equalities give 


are the greatest and the smallest radii of curvature of the plane 
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RELATED GENERA OF QUADRATIC FORMS 
By Burton W. Jones 


1. Introduction. The purpose of this paper is to provide formulas connecting 
the generalized representation function of a number by one genus of forms with 
the corresponding function of a divisor of this number by a related genus of 
forms. This result may be used as a recursion formula to simplify the evaluation 
of this function. 

The generalized representation function was first developed by H. J. 8. Smith 
and Minkowski and has lately been generalized, simplified and made more 
accessible by C. L. Siegel [17], [18]. Before describing the results of this paper, a 
few notions must be clarified. In the first place, it is understood throughout 
this paper that every quadratic form with which we deal has a non-vanishing 
determinant and that its matrix has rational integral elements. 

We recall the following definitions: Two quadratic forms are said to be equiv- 
alent, that is, of the same class, if there is a unimodular transformation taking 
one into the other. We use “unimodular” in Siegel’s sense to denote a linear 
transformation with integral coefficients and determinant +1. The classical 
definition of class differs from ours in that the determinant of the transformation 
is there required to be +1. Following Siegel we call such a transformation 
“properly unimodular’. For example, we say that the forms a, = 42” + 2zry + 
5y’ and a, = 4x” — 2zy + 5y’ are equivalent but not properly equivalent and 
hence are of the same class but not of the same proper class. Similarly, in listing 
the automorphs (or units) we follow Siegel in including those of determinant — 1 
as well as those of determinant +1. This difference is of importance only with 
forms of an even number of variables since minus the identity transformation is 
always an automorph of determinant —1 when the number of variables is odd; 
hence, in such cases, our number of automorphs is twice the classical number 
and the number of classes is the same. 

We say that two quadratic forms are in the same genus if they have the same 
signature (or index) and if, for every integer g, each form may be taken into the 
other by a linear transformation whose elements are rational numbers of de- 
nominators prime to g. This definition is equivalent to the original one [20], 
[14] phrased in terms of quadratic characters of numbers represented by a form 
and its concomitants. The equivalence of the two definitions was proved by 
H. J. S. Smith [20; 480ff] for ternary forms and stated by him [20; 516] for forms 
in n variables. Minkowski [14; 221] stated that his methods could be used to 
give a proof. The first complete published proof was given recently by C. L. 
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Siegel [19]. (Strictly speaking, Siegel proved that two forms are of the same 
genus in the sense of the definition we here use if and only if they satisfy the 
conditions of Lemma 4 in this paper; Minkowski proved that the original defini- 
tion is equivalent to the conditions of Lemma 4.) The determinant of any linear 
transformation with rational coefficients taking a form into any other of the same 
genus must have +1 as its determinant since the above definition implies that 
the determinants of the two forms are equal. 

A quadratic form is said to be properly primitive if 1 is the g.c.d. of its co- 
efficients and improperly primitive if it is not properly primitive and 1 is the g.c.d. 
of the elements of its matrix. A primitive column matrix or vector is one whose 
components have | as their g.c.d. 

Siegel’s principal result for positive forms is embodied in the following formula 
for quadratic forms of m and n variables, respectively, with matrices S and T: 


AS, t) = X I] AS, pr: 


where A,(S, T) = M(S, T)/M(S), M(S, T) = >» A(S, , T)/E(S,), and 
M(S) = >> 1/E(G,), the sums being over all classes of the genus, E(S,) being 
the number of integral automorphs of S, , and A(©, , T) being the number of 
solutions of ¥’‘SX¥ = T for X a matrix with integral elements. A,(S, T) is thus 
a kind of weighted mean of the number of representations of T by the forms of 
the genus of S. On the right of the equality A,(S, T) is the number of solutions 
(mod q) of ¥’SX¥ = T (mod q), q is a sufficiently high power of p, and X is a 
determined constant depending only on m, n and the determinants of S and T. 
The product is over all primes p. Notice that A,(S, T) = A(S, T) when there 
is but one form in the genus. 

In a second paper [18], Siegel finds the corresponding result for indefinite 
forms. Since there is an infinite number of automorphs of an indefinite form, 
M(G, T) is replaced by a sum of certain functions over all solutions of ¥’SX¥ = T 
in which no one can be obtained from any other by multiplication on the left 
by an automorph. The right side of the formula is the same. 

The “sufficiently high power of p” referred to is p* = q, where a > 2b and p’ 
is the highest power of p dividing 27, 7 being the determinant of T. The 
infinite product over all primes p not dividing 2ST (S being the determinant of 
S) has a simple finite expression. If n = 1, the same can be said for all odd 
primes not common factors of S and 7. Hence, except for a finite but usually 
laborious computation, there is an explicit expression for the product on the right. 

In this paper we deal solely with the case n = 1 when Siegel’s expression 
reduces to formula (1) in §4 of this paper. The weighted mean A,(&, f) seems 
to be the closest one can, in general, come to an expression for the number of 
representations of a number by a form in a genus of more than one class. (The 
restriction n = 1 may not be entirely necessary but the most interesting applica- 
tions of the theory of this paper are for this case.) If p is a prime factor of ¢, we 
establish for positive forms a simple relationship between A,(G@, @) and the 
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functions A,(W, t/p) and A,(D, t/p), where w and 6, of matrices W and D 
respectively, are representatives of so-called “related genera’’ of the form o of 
matrix S; except, when p = 2, A,(Q, t/p) is replaced by the sum of three such 
functions. As might be expected, the case p = 2 causes by far the most trouble. 
If p is a factor of S, we can, by continuing this process, arrive at an expression 
for Ao(G, ¢) in terms of similar functions of other forms in which ¢ is prime to p, 
thereby eventually avoiding some of the laborious computation referred to in 
the previous paragraph. If p is not a factor of S, D = pS and we have a direct 
relationship between representations of tp and, if t = 0 (mod p), of t/p by the 
genus of o, and of ¢ by the genus of w. These results are embodied in formulas 
(11) and (12). The details of this process may be seen in the examples at the 
end of the paper, especially Example 2 for ternary quadratic forms. The most 
difficult part of this paper consists in showing that each step of the process yields, 
except when p = 2, only forms of two genera represented by 6 and w. Again, 
the untidy part of the proof is for p = 2. Since the relationship referred to 
comes by way of A,(S, #), there will be exactly the same relationship for the 
expression for indefinite forms corresponding to A,(G, ¢t) for positive forms. 

An upper bound for the number of classes in the related genera is given in 
Theorems 7 and 8. This bound is, in certain cases, actually attained. This 
result is of considerable use in determining the number of classes in genera of 
forms. 

By way of illustration we also exhibit explicit expressions for the vaiue of the 
generalized representation function for positive ternary and quaternary forms. 
As far as the author knows, they have not yet appeared in print, though they 
are derivable for numbers prime to the determinant from results of H. J. 8. 
Smith [20; 491]. 

The gist of this paper may be understood by omitting the case p = 2 through- 
out, reading §§1, 2 and 3 through the proof of Theorem 1, and reading Theorem 
6 and the few lines immediately preceding it, Theorems 7 and 8, formulas (1), 
(11), (22), (29), (30) and such of the examples as prove interesting and en- 
lightening. 


2. Notations and preliminary lemmas. We adopt Siegel’s notations in using 
German capitals for matrices and corresponding italic capitals for their determi- 
nants. We use corresponding lower case Greek letters for the quadratic forms. 
Lower case italic letters are rational integers unless otherwise specified. German 
lower case letters are column vectors which are called integral if their elements 
are integral. A(S, T), A,(S, T) and E(S) are defined in the introduction. 
4 = 4°" means that & has m rows and n columns. If % = A", m > nand 
¢ = ¢‘"""”, then the matrix (% €) is that one whose first n columns are those 
of 9% and whose last m.— n columns those of €. One similarly defines 


a’ 
C’ ’ 
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the primes denoting “transpose”. 9 is reserved to stand for a null matrix, n 
for a null vector and € for the identity matrix. If two forms o and r are equiv- 
alent, we write ¢ ~ 7; if they are of the same genus, ¢ v r. 

In order to make his paper self-containing, Siegel proved some lemmas and 
theorems which had previously been proved by Smith and Minkowski. Since 
the reader may find Siegel’s proofs more readable, the page reference to his 
article as well as to the original proofs are given. We shall rephrase or specialize 
some of the lemmas in order to exhibit the exact form which we shall use. 


Lemma 1. Jf a matrix A = A” with n < m has integral elements and if 1 
is the g.c.d. of its n-rowed minors, then there is a matrix € = €'"'"~” with integral 
elements such that (AX ©) is unimodular. In fact, (YX ©) may be made properly 
unimodular [17; 533], [20; 367-409]. 


Lemma 2. If q is an integer and &% a matrix of determinant +1 whose elements 
are rational numbers with denominators prime to q, then there is a unimodular 
matrix B, such that 8, = B (mod gq) [17; 534]. 


Lemma 3. If q is an integer and U a matrix of determinant = +1 (mod gq) and 
having integral elements, then there is a unimodular matrix 8 = WU (mod q) [17; 
Lemma 6], [20; vol. II, 635]. 


We use the following well-known 


Lemma 4. For any power of an odd prime and hence for any odd number q, and 
any form a, there exists a form rt ~ o such that T is a diagonal matrix mod q. (See 
[17; 535]. In the statement of Siegel’s lemma, R, should be replaced by G, .) 


Lemma 5. Two forms o and + are of the same genus if and only if S = T, their 
indices are equal, and there is a form 7, ~ 1+ such that +, = o (mod (28)*) [17; 
Lemma 20], [14; 71-79]. 


That Lemma 4 fails to hold for powers of 2 can be seen from the following 
example. o = 22x” + 2xy + 2y’ is of odd determinant and hence if it were of 
the same genus as a form = az” + by’ (mod 2”), a and b would need to be odd. 
This cannot be since o represents no odd numbers and two equivalent forms 
represent the same numbers. As a matter of fact, it is true, though we shall 
not here prove it since we do not use it, that a form ¢@ is equivalent to a diagonal 
form modulo an arbitrary power of 2 if and only if o and all its concomitants 
are properly primitive. However, we do need lemmas which, for powers of 2, 
take the place of Lemma 4. Parts of Lemmas 6 have been proved by Minkowski 
and C. Jordan. (See [14; 16-21]. At least the basis for these results was earlier 
laid by Jordan [8]. A brief derivation of 6a and 6b is given in [16].) 


Lemma 6a. If a is a properly primitive form and q # 1, an arbitrary but fixed 
power of 2, there exists a form B ~ a such that 


B = 2°B, + 2B + +--+ + 2B, (mod q), 
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where 8; are forms of odd determinant and no two have any variables in common. 
The exponents e; are non-negative integers. 


Lemma 6b. Every form of odd determinant is equivalent to a form of type a or 
type 8 below according as it is properly or improperly primitive: 


a = 4,2; + at, + +++ + 4,2; (mod q), 
B= 68, + B +:--+ B. (mod q), 


where the a; are odd integers and B; are improperly primitive binary forms no two 
of which have a variable in common. 


Lemma 6c. Every form 2ax’ + 2bxry + 2cy’ in which b is an odd integer can be 
carried by an integral transformation of odd determinant into a form 


8 = 2xry (mod q) or B = 2x” + 2ry + 2y’ (mod q) 
according as ac is even or odd. 


The proofs of Lemmas 6c and 6d are essentially those of Gordon Pall, being 
simpler than those which the author devised. In fact, Pall’s contribution to the 
simplification of the whole case p = 2 is notable. 

Proof. Since b is odd, we can solve az; + bz, x, + cx; = 1 (mod q). Taking 
2, , X, as the first column of a linear transformation of odd determinant, we 
obtain an equivalent form of the type x’ + b,ry + cy’, with b, odd. Replace 
x by x + hy, y by ky, and choose h and k so that 


2h + bk = 1, hi + b,hk + ck? =e (mod q), 


where ¢ is 0 or 1 according as c, is even or odd. The latter congruence is equiv- 
alent to (2h + b,k)? + (4c, — bi)k® = 4e (mod 4g) and is solvable with k odd. 
If e = 1, our resulting form = 2” + zy + y’ (mod q), while if e = Oit = x* + zy, 
which is equivalent (mod q) to xy. 


Lemma 6d. The form 8 of Lemma 6b is equivalent to a form 
By = 2(jai + ba,x, + jx?) + Qrsty + +++ + 2X2,-12er (mod q), 
where j is 0 or 1 and 6 is odd. 


Proof. The transformation x, = y,; + Ys + Y¥s,2%2 = Yo — Ys — Ys Xa = —Y + 
Yo — Ys, 2% = —Ys + y, Of determinant 3 replaces x} + 2,22 + 2 — 23 —- 
43%, — 24 by 3y,y2 + 3ysy, . Hence Lemma 6c shows that a transformation of 
odd determinant takes 8 of Lemma 6b into a form 8, with b an arbitrary odd 
integer. We can choose b to make the determinants of 8 and 6, congruent 
(mod q); then the accompanying transformation will have determinant +1 
(mod qg). The use of Lemma 3 completes our proof. 


3. Related genera. Let 8 be any quadratic form in r variables and let 8 be its 
matrix. Let p be any prime and let the vector 6 be a primitive solution of 
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r’Sr 0 (mod p). Write § = (p&* 6), where 3° = (3* 6) is a unimodular 
matrix. It is easily seen that ¥ = 9°8, where 


er" 
R= P 
¥ (7 “) 


& takes 8 into a form py of matrix p€, where 


a ee ae et) 
pe ( pb’ S3* h’SBh 7’ 


and C, the determinant of G, is p’*B. 


Let (@ g)’ = 9°". Then (@ g)’(9* 6) = &'; whence GQ* = E"~” and 
Gb = (9’ 3*)’ = un, 9’6 = 1. Also $*G + hg’ = E*”. 

Let r’ = (4% , 22, +++ , Z,) = sh’ (mod p), where s is a scalar not divisible by 
p;andr = Sy. Then 


‘ 


p= 92 = BN" = BW 9) = 3(%). 
gr 
First, notice that g’r = g’sh = s (mod p), which implies that y, = s (mod p), 
where ) = (y¥; , Yo, *** , Y,-)’. Second, Gh = n implies Gr = Gsh = n (mod p) 
and hence y is integral if ris. Thus, if r’Br = pa, then y’3’/S3y = py’ Cy = pa 
and y’Cy = a. Since the process is reversible, we have established a 1-1 corre- 
spondence between each integral r such that r’'Br = pa with r = sh (mod p) 
and each integral y such that y’Cy = a with y, = s (mod p). 
We remark that for any r by r matrix M, B-'MP can be obtained from M 
by multiplying its last row by p and its last column by 1/p. 


THEOREM 1. Jf 6. = sh, (mod p), where s is a scalar # 0 (mod p), and if the 
transformations & and the forms y for b, and 6, are labelled %, , %. and y, , y2, 
respectively, then y, ~ 72 . 


Proof. %, takes B into pG, and 3, takes B into p@, . Hence 937'3, takes 
€, into ©. Now 37'S, = B'ST'S2B and, by the above remark, to show 
37'S, an integral matrix, we need merely show that the first r — 1 numbers in 


the last column of $37"? are divisible by p. Now 


o-iqgo — (G:\ caer) — (G9? *h) 
SiS: = (® iota eo afb.) 


, and g, being defined above. We know that G,b. = G, sh, = sn (mod p), and 
our proof is complete. 

Our goal in this section is to prove that if §, and 6, are two solutions of r’Sr = 0 
(mod p) then, except when p = 2, the corresponding forms y, and 2 are of the 
same genus. In case p = 2 our results are not so simple but are no less definite. 
To this end we prove the following lemmas which the proofs of Theorems 2 and 
3 require. 
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Lemma 7. Let % be the matrix of a primitive form in r variables, p an odd prime 
not dividing B, and 6, and 6, two non-zero (mod p) vectors such that b/Sb; = 0 
(mod p), 7 = 1,2. Then there exists a vector ¢ such that ¢’Bc, c’Bb, and c’Bb, are 
all prime to p. 


Proof. First, notice that this lemma will hold for a form 8 if it holds for any 
form equivalent to 8. Hence, by Lemma 4, we may take the matrix of 8 to be a 
diagonal matrix (mod q), where q is an arbitrary power of p. Then 8 = 6,2} + 
b,x + --+ + b,x? (mod q), where all b; are prime to p. Then, for each set of 
values of x, , --- , x, , there are at least p — 2 different values of x, such that 
r’Sr # 0 (mod p); hence not less than (p — 2)p"~’ different vectors ¢ such that 
c’Bc # 0 (mod p). On the other hand, for any 8b ¥ n (mod p), there are exactly 
p’' vectors c such that ¢’Bh = n (mod p) for if, for instance, the leading element 
of Bb is not divisible by p, there will be, for every c, , --- , c, , exactly one com- 
ponent c, of ¢ satisfying the congruence. Now $b; # n (mod p) fori = 1 and 
2 since 6; is non-zero and B is prime to p. Hence, there is some c satisfying the 
conditions of the lemma if 


r-1 


— 2p" = p”'(p — 4) > 0, 


4 r-l 
(p — 2)p 
i.e., if p > 5. 

It remains to consider p = 3. Then, by renumbering the variables if necessary, 
we can write 


Be=atate-- +e —-Ma - ce (mod 3). 


Write 6 = (hi, , his, +++ , Ae-). First, if for some k, hy, ho, 4 O (mod 3), take 
c’ = (0, --- , 0, 1, 0, --- , 0), where the 1 is the k-th component. Second, if 
for some k and 1 < v ork andl > v it is true that h,,h., # 0 (mod p) but hyhy 
= h,,h2, = 0 (mod p), take c’ = (0, --- ,0, 1,0, --- ,0,1,0,--- , 0), where the 
two non-zero components are the k-th and /-th. Third, if h,, = 0 (mod p) for 
all k > v and h,, = 0 (mod p) for all k < v, we notice that 6’8h = 0 (mod 3) 
implies that two h,; , hi, , for m, 1 < v, # 0 (mod 3) and two hy, , ho, , with 
w, u > v, # 0 (mod 3). Then take as c the vector whose only non-zero com- 
ponents are L’s in the 1, m, and w places. We have considered essentially all 
cases. 

The reader who wishes to avoid the laborious case p = 2 may pass immediately 
to Theorems 2 and 3. 

For p = 2, we use the following terminology; if § is a vector (mod 2), we call 
(1, 1, --- , 1)’ — b its complementary vector or complement and denote it by }”. 


Lemma 8. Jf 8 = ai + --- +22 — 234, — +++ —2? (mod 4) and 6, and 6, 
are two primitive vectors neither of which has all its components 1, then, with the 
exceptions below, there always exists a vector ¢ such that c’Bb, and ¢’'Bb, are odd 
(that is, c’h, and ¢’b, are odd) while ¢’Bc = 2 (mod 4). In each vector the semicolon 
appears after the v-th component. Exceptional values of 6{ and 6; (mod 2) are 
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(0; 1, 1) and (1; 1, 0); (0; 1, 1) and (0; 1, 1); 

(0, 0; 1, 1) and one of (0, 0; 1, 1), (1, 1; 0, 0), (0, 1; 0, 1); 

(0, 0; 1, 1, 0) and one of (1, 1; 0, 0, 0), (0, 1; 1, 1, 1); 

(0, 0, 0; 1, 1, 0) and (1, 1, 0; 0, 0, 0); 

. (0, O, 0; 1) and (0, 1, 1; 0); (0, 0; 1, 1) and any b, not in 2; (0, 0; 0; 1) and 
(0, 1; 0, 0); (0, 1) and (1, 0); 

6. vectors obtained from the above by some or all of the following changes: inter- 
changing b{ and 3 , permuting the variables of both h, and b. by the same permuta- 
tion, replacing one h or both by its complement, multiplying B by —1. 

Exceptions 5 contribute no cases in which b/h; is even. 


ore Oo ND 


Pall has contributed considerably to the simplication of the proof of this 
lemma and of Lemmas 9 and 10. 

Proof. First, we show that if the lemma holds for 6, it holds for 6}. ¢’Sb} = 
Bi, 1, --- , 1)’ — Bb, while ’BC1, 1, --- , 1)’ = CO, 1,---, 1’ =ec= 
c’Bc = 0 (mod 2). Note also that 6)’Bb! = r + 6{/Bb, (mod 2). 

In what follows we use asterisks to indicate unknown components. For 
instance, (0, --- , 0; 1, 1, * , --+ , *) is a vector whose first v components are 0, 
whose (v + 1)-th and (v + 2)-th are 1 and whose others are unknown. We 
write such a symbol even if v = 0 or r — v = 2 or both though the exhibition of 
two 1’s indicates r — v > 2. 

Now consider what vectors b, and 6, can be treated by the simplest vectors ¢ 
such that c’Sc = 2 (mod 4). If ¢ has every component zero except two com- 
ponents c; and c, such that 7 and k both < v or both > », then ¢’h, = hi, + hu 
and ¢’h, = h2; + hy». We call such ac of typeI. It will take care of all 6, and 
h. in which not all of h,; , --+ , h;, are equal and not all of h., , --- , ho, are equal, 
and of all 6, and 6, in which not all of h,,., , --- , 4;, are equal and not all of 
hovs1,°***, Aa, are equal; for, any such pair will have a 0 and 1 corresponding to 
a 0 and 1, or toa 1 and 0, both on the same side of the semicolon. Using comple- 
ments if necessary, we have left only two possibilities: 


(a) bf = (0, --- , 0; 1, --- , 1) and 63 arbitrary, 
(b) bf = (0, --- ,0;1,0,%,--+ , *) and hj = (*#, --- , #,0,1;0,--- , 0). 


The next simplest vectors ¢ are symbolized by (1, 1, 1; 1) or by (1; 1, 1, 1) and 
will eliminate all pairs 5, and 6, for which 





(c) Rin + Rie H+ har + him = Non + hoe + hor + hom = 1 (mod 2) 















for any choice of subscripts three on one side and one on the other side of the 
semicolon. If v > 4, the denial of (c) with m = v + 1 and h, k,l < v implies 
hon + Rox + Ror + ho.., = 0 (mod 2) for all choices of h, k, 1 < v which, in turn, 
implies ha, = ho, = he, = h2,.,; (mod 2). Then, replacing 6. by its complement 
and permuting variables if necessary we can write 6; = (0, --- ,0; 1. *, +--+ ,*), 
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which excludes (b) above and to which our “next simplest’’ ¢ applies. Since the 
cases r — v > 4 may be similarly handled, there remain the following cases: 


(0, 0, 0; 1, 1, 1) 


(*, *, *; ¥, *, *), 
where denial of (c) implies §., or its complement is 0, 


(0, 0, 0; 1, +, 0) 
(1, +, 0; 0, 0, 0), 


where denial of (c) implies that both asterisks are 1, yielding exception 4, 


(0, 0, 0; 1, 1) 
(a, b, c; d, e), 


where denial of (c) implies a + b + c = d = e (mod 2) yielding exception 3.1, 


(0,0,0;1,0) (0,0,0;1) (,0;1,1) (0,0;0,1) (0,0; 1) 
(#,0,1;0,0), (*,*,1;0), (*,*;*,#), (0,1;0,0), (#, 1; 0), 


and the pair (0; 1) and (1; 0) which are all easily dealt with. 


LEMMA 9. If g = 22, T2 +- 22. X54 + ee + y <a Zo, (mod 4) (s a 0) and b, 
and b, are two non-zero (mod 2) vectors with 2s components each, there exists a vector 


c such that c’Bc = 2 (mod 4) and c’Bb, and c’Bb, are odd, with the following excep- 
tions, where the 6; are listed (mod 2): 


l. 8 1 and either bf = (1, 0), 6s = (1, 1) or b} = (1,1) = be, 
2. s = 2and bj and 6; are (1, 0, 1, 1) and (1, 1, 1, 0) or (0,0, 1, 1) and (1, 1, 0, 0) 
or (1, 0, 1, 1) and (0, 0, 1, 1). 


Proof. First, let s = 1. The vector c’ = (1, 1) disposes of 6, and 6, if each 
has the components 0, 1 in some order. Such ac we say is of type I. 

Second, if s = 2, write hf = (a, , a2 , as , a,) and h} = (b, , b. , bs , by). A per- 
mutation of ¢’ = (1, 1, 1, 0), which we call of type I], disposes of 6, and 6, unless 
for every a, + a; + a, which is odd the corresponding b; + b; + is even. 
Hence, if bf = (0, 0,0, 1), every 6, is eliminated except those for which b, + b, + 
b, = b, + b, + b, = b. + Bb, + Bb, = O (mod 2). Hence, 63 = (0, 0, 0, 0) or 
(1, 1, 1, 0), the latter of which is eliminated by ac of type I. Similarly, if b, is 
not the zero vector, all but the following typical cases are eliminated: 


bi 
bi 


(0, 0, 1, 1) with 6; = (1, 1, 0, 0), (0, 1, 1, 1) or (1, 0, 1, 1), 
(0, 1, 1, 1) with bf = (1, 1, 0, 1), 


which are essentially listed in exception 2. 
Third, if s = 3, we see that if the first four components of 5, are neither of 
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those displayed above, our previous treatment eliminates all cases except when 
the first four components of b, are 0; then we interchange 6, and 6, and have to 
consider for bf 


(0, 0, 1, 1, *, *), (0, 1, 1, 1, *, *), and (0, 0, 0, 0, *, *). 


The last permutes into one of the first two unless the last two components are 
1, 0 in some order when the above paragraph disposes of all non-zero 6, . Sim- 
ilarly, a ¢ of type II disposes of all but the following: 


(0,0,1,1,1,1) (0,0,1,1,0,0) (0,0, 1,1, 0,0) 
(1, 1,0, : 0), (1,1,0,0,1,1), (,1,1,1,1,0), 


and ¢’ = (1, 0, 0, 1, 1, 1) disposes of these. 


Lemma 10. Let 8 be a quadratic form of odd determinant of the type of Lemma 8 
or By of Lemma 6d and 6, and 6, two distinct non-zero solutions (mod 2) of r'Br = 0 
(mod 2) such that h{Bb6, = 63Bb. (mod 4), then, with the exceptions below, there - 
exists a vector c such that c’Bc = 2 (mod 4) while c’Bbh, and c’Bb, are odd. 

Exceptions. 


1. 6 is of the form in Lemma 8 and 6, and 6, are 


i 30, 0,0) | 7 0; 1, 1), i | ort ~ 6, @;-@. 1,3) 
- 0: ap Me 0) ° ets 0) ° i 0, 0) , 1, 0; 0, : 0) 


or pairs obtained from them by one or more of the following changes: permuting 
variables, replacing B by —8, replacing one or both of the last displayed pair by its 
complement. 

2. 8 is of the form in Lemma 9 and 6, and 6, are obtained by permuting the 
variables of the following patrs: 


(0,1,1,1) (0,0,1,1) (1,0,1,1) 
i.3. te. G5, Oe 64, 12 
3. B is of the form in Lemma 8 and one of 6, and b, has all its components 1. 


Proof. When £ is of the form of Lemma 8, the exceptions there contribute 
exceptions | and 3 of thislemma. When 8 is of the form of Lemma 9, our present 
exception 2 results. It remains to consider 





B = 2zi + Qr x. + Qzz + Drax, + °°* + 2Wo,-120, (mod q), 





where, as usual, gis an arbitrary power of 2. If the first two components of §, and 
of 6, are different, we choose c = (1, 1,0, --- , 0) while if §, and §, each has 1 as its 
first component, ¢ = (1,0, --- , 0) suffices. Hence, we need to consider only the 
typical case when the first two components of 5, are 0. Now, Lemma 9 shows 
that r = 2 or 3 and we need to consider only the cases in which the last two or 
four components of 6, and 6, occur among the exceptions of that lemma. 

















en 
to 


are 
m- 


4. 


ibute 
esent 


xd q), 


, and 
as its 
y the 
shows 
wo or 





GENERA OF QUADRATIC FORMS 733 


First, if r = 2, b{Bb, = b3Bb. (mod 4) implies that either bf = (0,0, 1, 1) = 
6; or bf = (0, 0, 1, 0) and 6} = (1, «*, 1, 1) and in the latter case we take c’ = 
(O, 1, 1, 0). 

Second, if r = 3, b{Bb, = 63Bb: (mod 4) implies that the first two components 
of 6. are 0, 0 and the last four components of 6, and 6, are one of the pairs of 
exceptions 2 of Lemma 9. Thus, there remain: 

1,0, 1, 1) 
’ 1, 1, 1, 0), 


and c = (1, 0, 0, *, 0, 1) suffices, where the asterisk is 1 in the second case and 
otherwise 0. 


THEOREM 2. Let 8 be a primitive (not necessarily properly primitive) form in n 
variables, p a prime not dividing B, 6, and bh, two primitive solutions of r'Br = 0 
(mod p) with the further proviso that if p = 2, b{Bb, = 63Bb. (mod 4). Then, with 
the exception below, for q an arbitrary power of p, there exists a unimodular trans- 
formation A such that A’BA = B (mod qg) and Ah, = bh. (mod p). 

The exception for p = 2 is: B properly primitive, n even, and either b, or bh. having 
its components congruent in order to the elements in the principal diagonal of B™*. 


Proof. First, if 686, # 0 (mod p), let bs; = 6. — 6, and b3Bb, = 63Bb, + 
26;Bb, + b{Bb,. Hence, —2h3Bh, = 638b; (mod p) or (mod 4) according as p 
is odd or p = 2. Thus, hb. = 5, + bs = 6, — 2636$Bb,/(63Bb;) (mod p) since 
b3Bb, = 6386, 4 0 (mod p). This is true even if p = 2, for then 6b, = $6;Hb, = 
1 (mod 2). Then 6. = %b, (mod p), where A, = € — 2b3h3B/(h;Bbh;) is easily 
seen to be an automorph of $ and the denominators of its elements are all prime 
to p. Then, from Lemma 2, there is a unimodular & = %, (mod g), which there- 
fore satisfies the conditions of this theorem. 

Second, if h8b, = 0 (mod p), then we can find a vector c satisfying the condi- 
tions of Lemma 7 if p is odd or, with the exceptions noted, of Lemma 10 if p = 2. 
Define b; = 6, — 2cc’Bb,/(c’Bc). Then hb; = Ab, , where A, = E — 2ce’B/(c’Be) 
is an automorph of 8. Since ¢’Sc # 0 (mod p) for p odd and = 2 (mod 4) for 
p = 2, there is a unimodular transformation %, = A> (mod qg) such that h; = %,5, 
(mod g) and WBA = B (mod qg). Then 6;Bb,; = b;Bb, (mod gq). The first case 
of this proof will show the existence of a unimodular transformation %, such that 
h; = Ab. (mod p) and WBA, = B (mod gq) provided h;Bbh,. ¥ 0 (mod p). Now 


c’ Bb, 


65Bb. = bi Bb. — 2 
c’ Be 


c’ Bb. (mod p), 


b/Bb. = 0 (mod p), and the fact that c is chosen so that c’Bb, and c’Bb, are prime 
to p shows that 6{8b. 4 0 (mod p). Then %;'Y, is the desired Y. 
It remains to consider the exceptions of Lemma 10. 
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Exception 1.2 (that is, the second pair listed under exception 1). Here we may 


take B = b,x} + box; — bsx3 — byxi (mod g), where b; = 1 (mod 4), 7 = 1, 2, 3, 4. 
Now the forms 


2 2 2 2 2 2 2 2 
MN+mw—-m-%, a, + 5a, — 23 — 5x, 
2 2 2 2 2 2 2 2 
“i + %3 — 2% — Oe, X, + x — 5x3 — 52; 


have the respective automorphs %; : 














“eer aeY ee Si. ll 
i-l 1686 -11 128 
‘he ie ey 05 15 
e~A. =) LH.) a 
1 2 5 a 5 
lL -1-=1. 9 1 -§ § ~0 
1 : or. 42 +1 °6 =) 
a a row 5 


Every form 8 above may be derived from one of these three forms by one or 
more of the following transformations: multiplying the form by an odd integer, 
permuting or interchanging the pairs (2, , x.) and (2; , 24), and stretching 7; — 
mz; (m odd). The first of these transformations does not alter the automorphs; 
the second either leaves 6{ = (0, 0, 1, 1) and 63 = (1, 1, 0,0) unaltered or inter- 
changes them; and the third leaves bj and 6; (mod 2) unaltered. Then if T is one 
of these transformations, there is a matrix & with integral coefficients = T~'A;T 
(mod q) for the proper 7, for which %’S% = B (mod gq) which implies A = +1 
(mod 3q). Furthermore, %;5, = 5. (mod 2) implies %, = b. (mod 2) and Lemma 
3 completes the proof of this case. 

Exceptions 1.1 and 1.4. In 1.1 use the same automorphs used in the case above 
with a row and column (0, 0, 0, 0, 1) adjoined. Deal similarly with 1.4. In the 
latter, if both the vectors § are replaced by their complements, the same trans- 
formation suffices. To deal with the case in which just one 6 is replaced by its 
complement, write 6; = (0, 0, 0; 0, 1, 1)’ and 6, = (1, 1, 1; 1, 0,0)’. We can use 
¢ = (1, 1, 1;0, 1, 0)’ to satisfy the conditions of Lemma 8 and see by the first part 
of the proof of this theorem that there is an automorph Y%, (mod q) such that 
4,5; = 6, (mod 2) and that there is an automorph Y, such that %.5; = b. = 
(1, 1, 0; 0, 0, 0)’ (mod 2); hence the automorph %,%7" has the property that 
4%; 'b, = b. (mod 2). 

Exception 1.3. We here use h; = (0, 0, 0; 1, 1)’ with 6, = (1, 1, 1; 0, 1)’ as 
above to prove the existence of an automorph %, such that %,6; = 6, (mod 2). 
Obvious modifications of the transformations used for exception 1.1 yield an 
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automorph %, such that %.b; = 6. = (1, 1, 0; 0, 0)’ (mod 2) and complete the 
proof as above. 

Exceptions 2.1 and 2.2. 8 may be taken = 22,2, + 2232, (mod 8) since one or 
both of x, and x; may be replaced by their negatives. The automorph desired is 


- OOo © 
orm SO © 


1 
0 
0 
0 


oor © 


Exception 2.3. Use 6; = (1, 1, 0, 0)’ and proceed in a manner analogous to 
that for 1.3 above. 

The exception of our theorem arises from the case of Lemma 10 in which 
8~B, = 2, + --- + 2% (mod 2) and 6 is a solution of r’B,r = 0 (mod 2) which 
has all its components 1. Such a solution exists if and only if n is even and, by 
Lemma 6b, 8 is equivalent to such a form as 8, if and only if it is properly prim- 
itive. If, then, T is a unimodular transformation taking 8 into 8, , Tb is a solution 
of r’'Sr = 0 (mod 2). Since bh’ = (1, --- , 1), Th is the vector whose 7-th com- 
ponent is the sum of the elements in the 7-th row of T, fori = 1, --- ,n. These 
components are congruent (mod 2) to the elements of the principal diagonal of 
IT’. But T’BXT = E (mod 2) implies 8’ = TTX’ (mod 2) and our proof is 


complete. 


THEOREM 3. If p is a prime not dividing B and if 6, and b, are two primitive 
solutions of r’'Bx = 0 (mod p) while if p = 2 we further require that {Bb; = 63Bb. 
(mod 4) and that neither 6 ts of the exceptional form mentioned in Theorem 2, then 
71 V Y2 , where y, and y, are the forms which B yields by use of h, and b, in the trans- 
formations %, and &, , respectively. 


Proof. Since, by Theorem 1, ) can be replaced by any vector congruent to it 
(mod p) without altering the class of y, we see that Theorem 2 shows that 
we may consider h, so chosen that %h, = 6. (mod gq), where gq is an arbitrary 
power of p and, for an arbitrary V prime to p, 6b, = 6. (mod Y). Furthermore, 
by Lemma 3, there is a unimodular matrix AU, = € (mod V) and = A (mod gq). 
Then %,5, = 6. (mod gV) and ABA, = B (mod gV). By Theorem 1, with- 
out altering the class of y, we may take 3, = %;9, since its last column is b, and 
all the other columns are divisible by p. Then p@, = 3382, = I{AjB%A,9, = 
3:B9, = pC, (mod gV). Hence ©, = €, (mod gV/p) and y, v y, by Lemma 
5, for the determinant of each form is p’~’B with r the number of variables and, 
since each is derived from % by a real transformation, their indices are the same. 
This completes the proof of the theorem. 

Before proceeding, we wish to show that the restriction 5{Bb, = 6}Sb. (mod 4) 
and the ruling out of the exception in Theorem 2 are essential. 
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THEOREM 4. If 8 is a primitive form of odd determinant and if 6, and 6, are 
proper solutions of r‘Sr = 0 (mod 2) such that h{Bbh, ¥ 63Bb. (mod 4), then the 
forms y, and y, corresponding to 6, and 6, are not of the same genus. In fact, y; is 
properly primitive if and only if 686; = 2 (mod 4). 


Proof. Take 6{8b, = 2 (mod 4) and 6386, = 0 (mod 4). Then, by the first 
paragraph in this section, 


P = (9029 3t’Bb, 
, bB3t — 4h/BH,7" 


Now (3* 6,) being unimodular and B odd implies 


a oe) : 
"Jas, = (Si she one 


and since §/$h; = 0 (mod 2) we have 3*’Bb; # MN (mod 2). Hence, the y; are 
primitive forms (mod 2) and hence are primitive forms. But y, is properly 
primitive while y, is not; that is, the former but not the latter represents an odd 
integer. Thus no integral transformation of odd determinant can take y, into 
a form = y2 (mod 2); hence they are of different genera. 


THeoreM 5. Let 8 be a properly primitive form of odd determinant of the type 
of Lemma 8 with r even and 6, a vector whose r components are 1; if bh. is any other 
primitive solution (mod 2) of r’‘Br = O (mod 2) and if y, and y,. are the forms 
associated with h, and b. , then they are not of the same genus. 


Proof. If r = 2, there is only one non-zero solution (mod 2) of r’Br = 0 
(mod 2). Henceforth, we take r > 4. For the time being, we omit the sub- 
scripts on the 3’s, C’s, ete. We have Q’83 = 2. The discussion of Theorem 4 
shows that € is primitive. Now 37'S"'3’"' = 4€"', and since the determinant 
of € is 2’-’B, we have 2°-'BQ'B'Q’"" = adj €. Noting that ¥ = 3°$ we have 


2’ BB" (3° 'B" I" “PB " = adj C 








2’ *B(2B° 3" ")B'(9" 2B") = adj C. 


Now 2$"' is integral and all the elements of adj € are divisible by 2°~*. Write 


¢° = adj €/2"~* and let y’ be the form having this matrix. By permuting the 
variables in 6 if necessary we can take 
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where 6’ = (h, , --+ , h--,). By virtue of the fact that 8 = B~' = € (mod 2), 


we have 
ay ~8)( € *) 
Ce 2/\-b’ 2 
1+h, hyhe hAihs +:- hh... 0 
hyh. l1+h. hohy --- kA... 0 


Il 


(mod 2). 
h,-shy h.she °t ninky | +,1 0 
0 0 ees 0 0 














Now 7’ is primitive (mod 2), for, if one of the first r — 1 components of 6 is even, 
one of the elements on the principal diagonal is odd, while if all the first r — 1 
components of § are odd, there are many odd elements off the principal diagonal. 
Furthermore, if (6, 1) = 6, , y° is improperly primitive while if (6, 1) ¥ 6, , 7° 
is properly primitive. Hence y} and 72 are not of the same genus. This is 
equivalent to saying that y, and y, are not of the same genus. 

We now proceed to consideration of forms whose determinants are not prime 
to p. For any prime p, and g, an arbitrary power of p, we may, by Lemmas 3 
and 6a, consider any form 


(a) o=68+ pr (mod gq), 


where the determinant of 8 is prime to p and 8 and X have no variables in com- 
mon, 8 being a form in r variables and \ in m — r variables. Now, in place of 
the transformation 3 we use for an arbitrary V (prime to p but containing 
sufficiently high powers of the odd factors of S and of 2 if p # 2, S being the 
determinant of ¢) a transformation 


3 MN 


N ge” 


(mod q), R = € (mod VY). 


With these notations, the following theorem follows directly from Theorem 3. 


THEOREM 6. Jf o is a quadratic form (a) above and if b, and b, satisfy the condi- 
tions of Theorem 3 and determine 3, and &, and hence R, and R, and if R, and R, 
take o into pw, and pw. , respectively, then w, and w, are of the same genus. 


Proof. w, = w, (mod VY). Also w, = y; + A (mod g/p) and hence, since y, 
and y, are of the same genus, w, is equivalent to a form = w, (mod Vq/p). 

Conversely, suppose w, is some form obtained from 6 by such a transformation 
and w, Vw,. We may take w, = w, (mod gV) and, applying R~' to pw, get a 
form o, = o (mod Yq) and g, v o. 

We now proceed to prove two theorems on the number of classes in related 
genera. 
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THEOREM 7. If o is a form = 8 + pad (mod gq) (see (a) above), and if n(o, p) is 
the number of distinct primitive solutions of r’Sr = 0 (mod p) such that no one is a 
scalar multiple of any other and no one can be obtained from any other by multiplica- 
tion on the left by the matrix composed of the elements of the first r rows and columns 
of an automorph of o, then the number of classes in the genus of w (derived from o by 
a transformation R) < >> n(o,x , p), the sum being over representatives of all the 
classes in the genus of o. If p = 2, the congruence is replaced by one of r’Sr = 
0 (mod 4) or r’Br = 2 (mod 4) with the exceptional solution h of Theorem 2 barred. 
\ may be vacuous but B is not. 


Proof. In what follews we proceed as if \ were not vacuous. The proof is 
easily modified to dispose of the case when the determinant of ¢ is prime to p. 
Some transformation 

r= (° x) 


AN € 


takes o, into some pw, . Then, for an arbitrary modulus V, the representatives 
w,; of the other classes of the genus of w, may be considered to be all congruent 
to w, (mod VY). &* will take each of the forms pw; into an integral form ¢; = 
a, (mod V) and hence of the same genus as ¢, . 

First, we prove that, if w. = w, (mod V) and o, ~ o, , where & take& o, into 
pw, and a, into pw. , then there is a transformation &, taking o, into a form 
Pwo ™ Pw. Let U be a unimodular transformation taking o, into o,. Then 
B= RK; UR takes w, into w,. It has determinant +1 and hence it remains to 
show that we can determine &, so that ¥% has integral elements. Write 


where U, = Uj", U, = Wi""""""”, ete. Since 


_ (99 37D, 
— ( “LI wv ), 


we proceed first to show that U, = M (mod p). Now 


= (* ‘) (mod p) 


GQ 


Si 


and U’S,U = S, implies 


WB,U, —mm) ja (> x) mee 
WSU, wWBus~ \n x P). 


Also 1{%,U, = 8, # 0 (mod p) implies | U;S, | 4 0 (mod p). Hence US, = 


MN (mod p) implies U, = MN (mod p). It remains to consider 3;'U,9. Here, 








d p) 
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Sr = (G{/pq,)’ and 


otal ©./r) me Wd per @,ULb/p 
ais = (Puro = (Sane, Sarit 


and we seek to determine @, so that G,U,5 = N (mod p). But y’U,b = 0 (mod p) 
has r — 1 linearly independent solutions (mod p). Choose these to be the r — 1 
rows of @, and choose g, so that (G{ g,)’ is unimodular. This proves wy ~ @2 . 

Notice that w) ~ w, would imply w, ~ w, , contrary to our choice of w.. Hence 
h» (the 6 for w.) is not, by Theorem 1, a scalar multiple of the § for w,. If we can 
show that for some automorph 


_ (a4, as) 
q = % %, 
of ¢, where A, = W;""”’, ete. and h, = A%,5 (mod p), it will follow that w, ~ , 


and our theorem results, for in that case representatives of all the classes of the 
genus of w, will be derived by transformations & for non-equivalent forms of the 
genus of o and no two ’s, by and b, will have the property that h, = 4,5 (mod p). 

Suppose, then, 6, = %,5 (mod p), where W%, is the matrix whose elements 
in order are those in the first r rows and columns of an automorph of ¢. Since 
A, = N (mod p), then A,A, = +1 (mod p). Since b is primitive, we may form 
a matrix (ZX, b) of integral elements whose determinant = A, (mod p). Then 
the matrix (%,T, %,5) has integral elements and determinant = +1 (mod p). 
Hence, by Lemma 3, there is a unimodular matrix 3° = (%,T_ 4,5) (mod p). 
Then choose %) = S08 = (pU,T. Wb) (mod p), and the transformation 
3o'W3 <) 


RKe'AK = 1.5 x 
Man “4 


takes a form in the class of w) intow,. But &%, = NR (mod p) and the last column 
of 1,4 is congruent (mod p) to the last column of 3, . Hence, by the proof of 
Theorem 1, 35'%,3 has integral elements and we have shown that w, ~ w. 

For p = 2, there is no change in the argument except to make the replace- 
ments indicated in the statement of the theorem. 


Coro.tiary. If r = 2, that is, if p divides every three-ruwed minor of S but not 
every two-rowed minor, the number of classes in the genus of a is not less than 
half the number of classes in the genus of w. 


This is true because here there are at most two solutions of r’'Br = 0 (mod p) 
yielding non-equivalent forms. 


THEOREM 8. If 6 is the form obtained from o by replacing x, , --- , x, by pa, , 
+++ , px, and dividing the resulting form by p, the number of classes in the genus of 
o is not less than the number of classes in the genus of 6. The equality holds if the 
determinant of (where ¢ = 8B + pd (mod q)) ts prime to p. The case when d is 
vacuous is trivial and is here excluded. 
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Proof. The transformation 


| pE R 
ym € 














takes o into pé. We get just one 6 from each o of the genus and each form = 6 
(mod VY), for an arbitrary V, is derived from a form = ¢ (mod pV) by the same 
transformation. A similar argument to that for the proof of the previous theorem 
shows that o, ~ o, implies 6; ~ 6, . 

Suppose the determinant of \ is prime to p. Then 


S= ( i (mod p’), 


sie a (76 ") e ~) (6 *) * f *) (mod p’) 
m™=An G/\mn peJ\n CJ = (mn pe disse 


If a unimodular transformation 
gu. &, 
ies ey 4 


takes 6, into 6, , it may be shown, as in the proof of Theorem 7, that L ¥ 0 
(mod p) implies U; = MN (mod p). Then 








E/p MN | | U, pu, 
in el a U, | 








|pE | | U | 
| fu, u.| 


is a unimodular transformation taking o, into ¢,.. This completes the proof. 
The following example shows that the equality in the last theorem does not 
always hold. Let ¢ = 2; + 22 + 12123, p = 11, 6 = Ilaj + 1laz + Ila3. 
There is only one form in the genus of 6, but more than one in the genus of o. 
That the equality in Theorem 7 does not necessarily hold is shown by taking 
o = x; + 3x3 + 72; which is in a genus of two classes. For p = 7, § may be 
taken to be (2, 1)’ and 


im | 















Hence, wo = 7a, + day. + x3 + a3 ~ 3x7 + 2? + 23, which is in a genus of one 
class. The equality in Theorem 7 does not even necessarily hold if ¢ = 8 as is 
shown for p = 3 by the form ¢ = x} + 4x3 + 723 , which is in a genus of two 
classes. > n(o, , 3) is3 while the number of classes in the related genus for p = 3 
is two. However, for p = 7, Theorem 8 shows that 6 = 7x; + 2823 + 23 is in 
a genus of two classes. 
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4. Recurrence formulas. The general result of Siegel mentioned in the intro- 
duction specializes, when T is a sealar ¢ and o is a form in m variables, with 
m > 2, into the following: 








sy) Stet 1 AS, 0 
(1) AS, t) riz l'(4m) IT q” , = 


where ¢ = | or 3} according as m > 2 or m = 2 and the product ranges over all 
q = p’, where p is a prime, a > 2b, and b is the highest power of p dividing 2t. 
If o is a positive form A,(S, t) = M(GS, t)/M(S) and 


M(S, t) = > “EG, M(S) = Z ne 


(Zede(Z) 





Zede(Z 


where the sums are over all classes of the genus (one form in each class), A(S, , ¢) 
is the number of representations of t by S, (that is, the number of solutions of 


r’S.r = t), and E(S,) is the number of integral automorphs of S, (deter- 
minant = +1). A,(S, ¢) is the number of incongruent (mod gq) solutions of 


r’‘Sr = t (mod gq). If cg is indefinite, A, has a corresponding meaning. Notice 
that if the form is positive and there is only one class in the genus, A, is the 
number of representations of ¢t by S. 

For any prime p, the two genera derived from o are represented by the forms 
w and 6 (see Theorem 8). We now develop a relationship among A,(S, pf), 
A,(%, t), and A,(D, #). Notice that, when p = 2, the w may belong to any one 
of two or three genera, but, if p is odd, the genus of w is determined. 

Substitution in (1) shows us that 


km—1 


kp’"” A, (S, pt)/q? 
kp'~"**"A,,(B, t) g * 


A,(S, pl) 
(2) A, (&, 


Ao(D, t) = kp'""'A,,(D, d/q?™", 


where k is the same for all three since W = p*”-*-"S and D = p*”~-"S, and, from 
the choice of R, the only A, affected by our, transformations is that involving 
our particular prime p. gq, = p"', @ = p”’, a, > 2b, a, > 2(b — 1), and b is 
the highest power of p dividing pi. We know [17; 542] that A,,(S, pt)/q7~' are 
independent of a, and a, if the inequalities involving a, and a, are satisfied. We 
choose q, = pq sufficiently large and g. = g. We now need a relationship among 
the A,’s. 

Notice first that A,(S, pt) depends only on the genus of ¢ since all forms in 
the genus may be considered to be congruent (mod V7) for V arbitrary. Below, 
for any vector » with m components, let v” be the vector composed of its first r 
components. Any vector denoted by b is assumed to be primitive. 

Let 6, and 6, be two (primitive) solutions of r’‘Sr = 0 (mod p), 3, and &, the 
transformations, and y, and y, the forms associated with them. Furthermore, 
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suppose the h’s are such that y, v y.. (They are necessarily such if p is odd.) 
The proof of Theorem 3 shows that, for V arbitrary, $, and %, may be so chosen 
that y, = y2 (mod gV). Hence, we talk about just one Y (mod q) derived from 
S by the transformations associated with the b’s if p is odd and, in addition, two 
other forms (representatives of genera) if p = 2. 

Let 5 be some fixed solution of r’Sr = 0 (mod p) and y, a solution of 


(3) r’'Sr = pl (mod q,) 


for which r} = sh (mod p), where s is a scalar prime to p. The transformation 
R associated with b yields a solution of 


(4) y Wy =t (mod q) 


in which, by the beginning of §3, y, (the r-th component of ») = s (mod p). 
Also r° = 3y° and the last m — r components of r and y are identical. Further- 
more, ifr. = r, + 9,3, then r2 = r} + q:3° and ys = B'rp = oy + B7'q3’ = vf 
(mod gq). Hence, to each r which is a solution of (3) corresponds exactly one 
solution of (4). 

Conversely, for each solution of (4) with y, = s (mod p) and for each primitive 
solution 6 of r’‘Sr = 0 (mod p) we can find a & taking S into pW, and r = Ky 
determines a solution of (3). For each solution of (3) with y, = s # 0 (mod p) 
the various solutions 6 will yield distinct r’s since r = sh (mod p). There are 


A,(%, 0) — 1 

k, = oo 
p- i 

distinct primitive solutions §, none of which is a scalar multiple of any other 
(mod p), where A,(%, 0) is the number of distinct solutions (mod p) of r’‘Br = 0 
(mod p). Thus, to each solution of (4) with y, # 0 (mod p) correspond k, 
solutions of (3) with r° # n (mod p) and no r° is a scalar multiple (mod p) of any 
other r°. We have seen that two incongruent (mod q) solutions of (4) yield 
incongruent solutions (mod q,) of (3). If, on the other hand, », is a solution of 
(4) with y; # 0 (mod p) and », = », + gj, consider any primitive solution 5 of 
r’‘Sr = 0 (mod p). There is a corfesponding transformation & taking S into W. 
Then xr) = ri + g3° = ri + g(MN b)z, (mod q,), where z, is the r-th component 
of 3. There are p different values for z, (mod p) and hence p different r°’s (mod q,) 
for each y, (mod q). Since the last m — r components of r and » are identical, 
we see that for each 6 and each » (mod q) with y, # 0 (mod p) there are p”"*’ 
incongruent r’s (mod g,). Hence we have 


(5) A‘ (S, pt) = p™ "*'k, As(B, b) 

for p odd, where k, is defined above, A/,(S, pt) is the number of solutions of (3) 
with r° primitive, and A/(%, ¢) is the number of solutions of (4) with y, 4 0 
(mod p). In case p = 2, 








f (3) 
#0 
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(5) AG (G, 2t) = 2"-"*"[AU(B, 2)A(B, , d) 
+ {Ai(B, 0) — 1JA(B., ) + ABs , 9), 


where A{(%, 7) is the number of distinct solutions (mod 2) of r’‘Sr = j (mod 4), 
j = 0 or 2, excluding the exceptional solution of Theorem 2, w, and w, are the 
corresponding forms, and w; the form obtained using the exceptional 5 of Theorem 
2. A; denotes for the respective forms the number of representations with y, odd. 
We next consider the solutions of (3) with r° = n (mod p). If r = (2, , 2, 
- , Z,) is such a solution of (3), 3 = (x,/p, %2/p, +++ , t/P, rary *** 5 Xm) iS 
a solution of 


(6) Dr = (mod q), 


r 


and conversely. For each solution of the latter there are p"~" solutions of the 


former. Hence, 
(7) A, (S, pt) al ALS, pt) = p” ‘A,(D, t). 


We now seek A,(Q®, t) — A/(, 4), for any form w. If w represents ¢ with 
y, = 0 (mod p), let y, = py? . Then, if ) is the vector composed of the first 
r — 1 components of y, we have 


(p-3* 6) (v6 p-ye)’ = p(3* b) (6 u°)’. 
Now p€ = 93’S3 with ¥ = (p-3* b) and if y, = 0 (mod p) in y’ we see that 
py’ Sy’ = p’yo’(3* 6)’B(Q* by? , where yo is the same vector as y° except that 
its r-th component is y? instead of y, . Thus, to every representation y of t by 
WW with y, = 0 (mod p) corresponds a representation 3 of t by D, where the first 
r components of 3 are 3°yp and the remaining components are the same as y and 


3° = (3* 6) is unimodular. There are exactly p values of 3 (mod q) for each y. 
Thus 


(8) A,(®, t) = pl A,(®, ) — A,B, d}. 
Then, using (5), (7), and (8), we get 
(9) A, (S, pt) = p"*' "kh, A, (B, t-) + p™ "(1 — k,)A,(®D, dD for p odd. 
If p = 2, we use (5’) instead of (5) and get 
A,.(S, 2t) = 2"**""[Ai(B, 2)A,(BW, , 2) + {AL(B, 0) — 1) A,(BW. , O 
+ A,(W; , )] + 2” "k.A,(D, db, 


(10) 
where k, = 2 — A,(%, 0). 
Using (9) with (2), we get 
(11) A,(S, pt) = k,Ao(W, t) + (1 — k,)Ao(D, for p odd, 


where k, = {A,(%, 0) — 1}/(p — 1). 
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Using (10) with (2), we get 
A,(G, 2t) = Ai(B, 2)Ao(W, , -) + {Ai(B, 0) — 1}Ao(BW, , 


(12) 
+ A, (Ws ’ t) + {2 — A,(%, 0)}Ao(D, t), 


where the terms on the right side are defined after equation (5’). 

(11) and (12) are the recursion formulas which constitute the principal result 
of this paper. 

In case r = m, it follows that D = 
that ¢ = 1 (mod 2) implies A(¥, , 2) A 
A,(D, t) = 0. Thus, (12) becomes 


2S and (12) may be simplified. Notice 
= A(D, t) = 0 and hence A,(&, , t) = 


(12’) Ap(S, 2t) = AZ(B, 2)Ao(W, , t) + Ao(Ws , t) for r = m,t = 1 (mod 2). 


On the other hand, if ¢ is even, A{(%, , t) = 0, and hence, by (8), A,(®, t) = 
2A,(W, , ). The genus w; exists if and only if 8 = o is properly primitive and r 
is even. If the trace of B is not divisible by 4, A{(Q, , t) = 0 and, by (8), 
A,(D, t) = 2A,(%; , ). Thus, if we let w = 0 if the genus a; exists and the 
trace of % is divisible by 4 and otherwise w = 1, we have 

A(Bs ’ i) = (i — w)A,(B; , t) + A,(®, t)w/2. 
Hence (10) becomes 
A,,(G, 2t) = 2[{Ai(B, 0) — 1}A,(@., 4) + (1 — w)A,(Bs , )] + k2A.(D, 4, 
where ki = 2 — A,(%, 0) + Ai(B, 2) + w = 2 — AP(B, 0) — AF(B, 2) + 
At(%, 2) = 2 — Af(%, 0), where Af(¥%, 2a) is the number of distinct solutions 
(mod 2) of r’Br = 2a (mod 4). Thus, using (2), we get 
A,(G, 2t) = {Ai(B, 0) — 1}Ao(W. , 2) + (1 — w)Ad(B; , A) 


(12”) 
+ {2 — AFB, 0)} AS, 34) 





when r = m, t is even; the genus w; exists if and only if 8 is properly primitive 
and r is even; w = 0 if the genus of w; exists and the trace of % is divisible by 4; 
otherwise w = 1. 

The significance of this result is more clearly seen if we notice that the deter- 
minants of w and 4 differ from that of ¢ only by a factor which is a power of p. 
Hence, by a series of such steps we can finally arrive at a ¢ which has no factor 
in common with twice the determinant of ©. Then, the evaluation of (1) is 
accomplished by means of the A,(S, ¢) for p odd and A,(G, t), where g = p for 
any odd prime factor p of S. When p does not divide S, there are explicit 
formulas for A,(G, ¢) (see §5). If p is a factor of S, o is equivalent to a form 
8B + pd (mod q), where 8 has a determinant prime to p and has r variables; then 
A,(S, t) = p” *A,(B, t). Here we have the especially simple form 


(13) A,(®, t) = p"(1 — ep") oor p™*(1 + ep”) 
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according as r is even or odd, and e = ((—1)'"B| p) or ((—1)!~" Bt | p) in the 
respective cases. p is an odd prime not dividing Bt. 

In case o is in a genus of one class, one may easily deduce by elementary 
means, without using Siegel’s results (1), a formula numerically equivalent to 
(11). Itis 


A(S, pt) ~_ k,,A(B, ’ t) + k,.A (WB, ’ t) + ad ahs + k,, A(®, ’ t) 
+(1 ar. k,)Ad(D, t), 


where w,; are representatives of the classes of the genus related to o and k,, is the 
number of primitive solutions ; of r'Sr = 0 (mod p) leading to the class w; , 
no h; being a scalar multiple of any other. This, taken with (11), suggests the 
interesting relationship 


(11’) 


ki? = E(%,)M(%)k;', 


where the quantities on the right are defined in the introduction. 


In the interests of more explicit formulas we proceed to give the formulas for 
k, for p odd and A,(G, 2). 


5. The evaluation of k, and A,(S, t). The value of k, and methods for evalua- 
tion of A,(G, t) were first given by Lebesgue and Jordan [10], [1], [8] respectively 
and both later by Minkowski [14; 45-58]. The methods are more accessible, 
however, in Siegel’s work [17; 541]. We here merely state the resulting formulas. 

If p is an odd prime not dividing S, 


(p™" if m is odd, 
A,(S, 0) = 4 
|p yt ep'™"(p on! 1) if m is even, 


where « = ((—1)'"S| p). Hence 





m—1 
(p"" = 1 i me sede, 
i e=2 
(14) ky = } 
m—1 
vrxs + ep" if m is even. 
Using Lemma 6 we see that we may consider our form to be 
o = 06, + 2c. + 40, (mod 8), 


where each o; is a quadratic form of odd determinant and may be taken to be 
of one of the forms: 


2 2 
@,%, + -** + 4,2,, 


Qjzxi + 2bx,2. + Qjx2 + Qrsxy + +++ + 2x2,-:2o,, 


a 


B 
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where j is 0 or 1 and b is odd. A,(S, t) may be quickly found from A,(%, ¢) and 
A,(%, t). We have 
(15) A,(M, 2) = 8 [1 + 2°"e + 2°*"dj, 
where 
c = Qt (yn, N=(1-1)°%' + (1+07°%, 


8 is the least positive residue (mod 4) of the sum of the coefficients of a and s, is 
chosen so that r; — r, + 8) = 48, (mod 8), r, being the number of coefficients of 
a which are congruent to g (mod 4);d = 0, — 4"*’, 4"*' according as s) — t # 0 
(mod 4), = 4 (mod 8) or = 0 (mod 8). Also 


(16) A, (A, 2) = 4°"[1 + 22"? (— 1) "NI; 


the letters used are defined below (15). 
Also the following formulas hold for the second form: 


(17) A,(%, 2t) = 87°-"{2 + 2°°*'(-1)'*'4-2°°'N,}, 
where N, is 0, —4 or 4 according as ¢ is odd, = 2 (mod 4) or = 0 (mod 4). 
(18) A,(B, 2t) = 2° -"[1 + 2°°(—1)'*']. 

6. Applications. The above formulas and methods apply to binary forms but 
for such forms this machinery is not necessary. Results may be obtained just 
as expeditiously by more elementary means [5], [15]. 

We first exhibit Siegel’s formulas [17; 544], [8] for q'""A,(S, 0). pis a prime 
not dividing 2S and p' is the highest power of p dividing t = p't, . € is equal 
to the Legendre symbol ((—1)'"S | p) or ((—1)'"~" St, | p), according as m is 


even or odd and r = p'*” or p’ ™ in the respective cases. Also q = p* and 
a>l. Then 


q "AS, jyj=(A- ep *™)(1 tet+eér+.--- + 'r’) for m even, 
=(l-—p "(1 trtr + -e) tr”) for m and | odd, 
=(l—p "I trtret- ) tet t rr / — ep ™)] 

for m odd and / even. 


We shall find it necessary, at times, to put subscripts on J, « and r to indicate 
the prime concerned. In deriving explicit formulas for A,(S, t) the following 
lemmas are useful. 


LemMA 11. Jf m is even and S and t have no odd prime factor in common, 


(19) []q' "AG, ) = {do en?" {Dd ed") T] AG, dq”, 


a pi2s 
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and where the first sum is over all odd positive integers n, the second over all odd divisors 
of t, and «, = ((—1)*"S| n). 


Proof. Siegel’s formulas show that the product A,(S, é)q'~” over all powers 
of primes not dividing 2S is equal to 


Il = «ep '") TI (1 + €,1p ss el ’ 


r and / being defined as above, the first product being over all odd primes p and 


| 8, is the second over all odd prime divisors of ¢. The second product is equal to the 
its of second sum in (19) and 
#0 aes _ 

Ila -— ep)" =] +ept @p iy + ---) = Den. 


Lemma 12. If m is odd and 28 and t have no factor in common, 


II 4.G, dq" 





q odd 
= (1 — 2°") "'¢'"(m — 1I){> dn?” } 

(20) ™ 

. x (Doh TT 1 = (Hise? | pp 4 
x I] AxS, 9@""* -— 1)", 

1s but where n is odd, ¢, = ((—1)'“"~" St| p), p is an odd prime, p’ denotes an odd prime 
1 just factor of t occurring to an odd power, p”’ an odd prime factor of t occurring to an 

even power and ¢~'(m — 1) is the reciprocal of the Riemann zeta function whose 
prime values for m odd are known [22] in terms of Bernoulli numbers. 
equal Proof. Write «, = ((—1)'‘""" St, | p), where ¢, is the largest factor of ¢ prime 
rie r to p, r, = p ” and t = é3t, , where ¢, is square-free. Siegel’s formulas yield for 
y” anc 

(IT AS, og "IT a - 2) 
—_ the value 
l odd, I] (1 Bre p'”) I] (1 = ep) TT (1 a ep") “L, 
) Pp D D 
y where 
; Ve i ) 
, even. L=[[Q+4+r+--- +r") 
dicate % 
lowing x I] f(a —epo™)Utrt ee. tr) 4r'4. 
First, we have 
n, rd ahidinhe -_ _ 
Ta -p")=a-2")"T]a-p™a - 2") 


(1 — 2'-")""(g(m — 1}. 
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Second, it is easily shown that 


I] (i —_ ep" os ia bot ante 
p n=1 
Third, we proceed to prove that 


Le") IT f1—ep™}. 


wits vb 

Select any set of distinct primes p{’, p3’, --- , p’ and in this paragraph denote 
a product over this set of primes by IT’. Then, in L, the coefficient of 
ag rae aw?) is 

TTat+r+---+f°°TP atrt--- 4°) Yr. 

p’ * 
The coefficient of the same product on the right side of the equality to be proved 
3 ¢™ ps v™-* the sum being over all divisors v of t. which are multiples of the 


Pn 


product p{’ps’ --- pi’. But 
yi IT a +r) + we + ito) Il’ (r7 4 mor +r i") 


= iene eae lQ+r+--- + fil) IT’ a +4... + 7?!) 


e 
while 
e-" = Il yh! I ph=2d 
p’’ p’ 
Thus our result is shown. 
Fourth, it remains to evaluate 


LIT Qa —epy* = TT a - apy te Do"? TT a — epi”) 


wlts yp t 


= bs (v/t,)"~? Il (i — epir-™)*, 


olts 


where the last product is over all p’’ dividing ¢, but not v. If we interchange v 
and t,/v, we have 
2-m h(l—m —1 
Le" Ta -—ep™)", 
wits 


the product being over all p” dividing ¢, but not t,/v. Now «,.. = ((—1)?"”’ 


(( him 
x St, |p’). Hence ((—1)!"~” St/v? | p”) = ((—1)'""" Stat3/v? | p”) = «, 
or 0 according as p’’ does not or does divide ¢,/v. Hence 
L Il (1 = epi”)! sae > y-* I] (| ae p'*-™(—1)!*" St/v" | p’’)\~" 


p’’ y 


and the proof of the lemma is complete. 
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It does not seem to be known generally that there are finite explicit expressions 
for 


‘a 


the sum being over all odd n, s is a positive integer and e, = (D|n). These have 
been found by H. J. 8. Smith [20; 517, 518] using “methods employed by Dirichlet 
and Cauchy”. In view of our later applications it seems worthwhile to give 
these formulas for s = 1 and 2. Substitution in Smith’s formulas gives 


(21) Dd «n* = wv] [1 —(D, | pp), 


where D = D,D? , D, is square-free and different from 1, while the product is 
over all prime divisors of D, and 


- 
) 


(—1)*s{1 — (2 | A)/2")Ja$ > (j | A)F.-.(7/4) if D, = 1 (mod 4), 


v= 





44 


[(—)"s(1/24") 2 (D, | j)F.-.(j/44) _ if D, ¥ 1 (mod 4), 


i=1,(7,44)=1 


A = (-—1)'D,, Fo(x) = 2, F;(x) = 3(2” —z). If D, = 1, the evaluation in terms 
of ¢(s) is easy. 


7. Positive ternary quadratic forms. Since there seems to have been no 
explicit evaluation of A,(S, ¢) for all positive ternary forms we first apply the 
above results to get a very simple expression for Ao(S, ¢) in terms of class number 
and proceed to apply the methods of this paper to other examples. This has 
been evaluated for several forms. See [21]. Our results can be derived from 
general results of H. J. S. Smith. 

The formulas of Smith in the previous section may be applied to give a finite 
expression for Ao(G, ¢) not involving class number, but it is not nearly as simple 
as that using the class number. We let h(n) be the number of proper classes of 
properly primitive binary forms of determinant +n and F(n) the number of 
prope. classes of binary forms of determinant +n one of whose coefficients is 
odd (recall that only forms with integral matrices are considered). In the 
classical literature, the determinant of a binary quadratic form ax* + 2bry + cy” 
is defined to be b? — ac. We take as the determinant ac — b’. This seems a 
much more natural usage since it is the value of the determinant of the matrix 
of the form. It also conforms to the usage in forms of more than two variables. 
From Dirichlet [2] we have 


h(D) = a? D>) (-D | nn", 








750 BURTON W. JONES 


the sum being over all odd n and a = 2 or | according as D = 1 or #1. Thus 
if D = D,D?; , where D, is square-free, 


2D' 


F(D) = & h(D/v’) = _ av ' [] {1 —(—DA’ | p)p"}", 
the sum being over all odd divisors v of D, , a, = 1 or 2 according as D/v’ # 1 


or =1 and the product is over all odd primes p. Hence 
7 2D' -1 -1 2 ~1)-1 
F(D) = = 2 (-—D | nn" Daw TT (1 — (—Df* | pp}, 


the first sum being over all odd n and the second over all odd divisors v of D, . 
We may write 


F(D) = 22 (=D | nye "ED oT] th = (— DAF | pp) 


e| Dy, pie 


+ %D;' T] {1 — (-1| pp 37}, 


p\ Ds, 
where « = 3 or 0 according as D, = 1 or #1. If D, = 1, the coefficient of € is 


4? TT 1 — (—D| pp} Ds TT — (1 | pp 


v piDs 


4 ! Pe 
= = ae (1 inn = 1. 


Hence 
> 2D' -1 -1 12 | 1)-!1 
F(D) -¢« = ——- 2 (-D nn > v' [] {1 — (—D/’ | pp}, 
" | Ds pie 


v and n being odd. 
From Lemma 12, taking D = St and noting that ¢(2) = 2°/6, we have 


~ 2 + Y ~ 2 1 
IT AMG, 0g* = — aAF(S) — dT] AS, 0@* - 1)", 
@ odd (St) pis 


where 7 is chosen so that 


r DS oT] (1 -— (-StA’ | pp} = Do TT (1 — (—StA* | ppp"y", 
ei Sats pie tits Pie 

where S = S,S;,¢ = t,t, S, and ¢, are square-free and vis odd. A little computa- 

tion shows that 


r'= Sd" [] {1 — (—St/d | p)p"}"’, for d odd, 


d\8 


the product being 1 when d = 1. Then, using (1), we have 


(22) AS, ) = 2 (F(S) — dr TT AG, 0@" - 1) al, 0, 





hus 


~ | 


uta- 
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where « = 3 or 0 according as St is a perfect square or not, 7 is defined above, 
a,(S, t) is As(G, t)/8* and A,(G, #) is the number of solutions of the congruence 
r’‘Sr = t (mod q). Notice that St is a perfect square if and only if S and ¢ are. 
Example 1. Let S = 1. There is only one class of forms of determinant 1, 
which is represented by ¢ = 2; + 2; + x; and A,(G, #) is the number of repre- 
sentations of tby «. (22) and (15) yield 
(23) A(G, t) = 8{F(t) — e}a, for t odd, 
where « = 3 or 0 according as ¢ is a perfect square or not and A = 3/2, 1 or 0 
according as t = 1 (mod 4), = 3 (mod 8) or = 7 (mod 8). This is equivalent to 
a result of Kronecker’s [9]. If t = 0 (mod 4), it is easily seen that x, , x. , x, are 
all even and 


(23) A(S, 4t) = AS, d), 
while A(G, t) = 3A(G, , #t) if t = 2 (mod 4), where o, = 2} + x} + 2x3. Then 
(24) A(G, t) = 3A(G, , #t) = 12F (0) if ¢ = 2 (mod 4). 

Example 2. Application of the methods of this paper to the above forms yields 


other results of interest. If p is any odd prime, let w, be the genus of forms 
derived from o of Example | by a transformation J. (11) yields 


(25) A(S, pt) = k,Ao(B, ; t) + (1 a k,)A (pS, t) 


and A(pS, t) = 0 or A(G, t/p) according as t ¥ 0 (mod p) or = 0 (mod p). By 
(14), k, = p+ 1. Notice that in (25) ¢ is not necessarily prime to p although 
p is a factor of the determinant of &, . 

Suppose p = 7. A solution of r'Sr = 0 (mod 7) is (3, 2, 1)’ and taking 


7 0 3 
J=07 2 
001 


we get the form w = y = 7x} + 7x3 + 223 + Gx ,x, + 42.2;. The unimodular 
transformation 


0 -!1 ] 
0 —! 0 
1 3 —! 


takes y into 277 + 2x3 + 3x3 + 2zx,x. + 2r.w, + 2z,2;. Hence 
(26) <A,(W,,t) = {A(S, tp) + pA(S, t/p)}/(p + I), with p = 7, 


where A(G, #) is given by (23), (23’), (24) and A(G, t/p) is taken to be zero 
if ¢ # 0 (mod p). Furthermore, all the primitive solutions of r'Sr = 0 (mod 7) 
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are scalar multiples of the solution given or may be obtained from it by permut- 
ing the components and/or changing the signs of some of them. Since so per- 
muting or changing the signs of the components of 5 is equivalent to multiplying 
it on the left by an automorph of « we see by Theorem 7 that w, is in a genus of 
one class and hence A,(Q&, , ¢) is the number of representations of ¢ by w; and, 
in (26), the subscript on A may be omitted for p = 7. 

Similarly, using the same o and p = 3, 5, 11 we have (26) for ws , ws , 11 , 
respectively, equal to ai + Qr5 + 2x3 — Qrors , Zi + 22 + 5x2 and x? + 273 + 
6x3 — 22,2, , all of which are in genera of one class, by the above argument. 

We have a different type of result for p = 13. Here there are two vector 
solutions §: (4, 3, 1) and (5, 0, 1). Neither is a scalar multiple of the other or a 
multiple of the other by an automorph but all other solutions may be so obtained 
from these two. Hence there are, by Theorem 7, at most two classes in the genus 
of w,;. In fact, there are two which are represented by w,,; = 2277 + 2x3 + 523 + 
2x,2; + 2x2, + 2x7; and wi, = zi + x} + 1325. We have (31) for p = 13, 
where now 


A(Bis , ) = 5 (4A Bra , ) + BAB , 0} 


since w,; has 12 automorphs (double the number of automorphs usually given 
[7] since the determinant may be —1 as well as +1) and w{, has 16 automorphs. 
Example 3. To see how the methods apply to a form with cross products, take 
w, = 2ri + xz + 3x3 + 2z,2. + 2x2; + Qx.7; as a new o and p = 3. Itis 
easiest to find § directly in this case but we shall illustrate the general method. 
To put ¢ in canonical form, add the first column of its matrix to the second and 
third and then add the third column to the second; then perform the same 
operations on the columns. This is equivalent to transforming the form by 


121 
tT=|10 1 0 
01 1] 


and yields ¢, = 27} + 2323 + 723 + 122,27. + 62,23 + 24a,27, = Qxi + 223 + 23 
(mod 3), and the values of § may be seen by inspection to be (1, 0, +1), (0, 1, +1) 
together with scalar multiples of these. Multiplying these on the left by T yields 


bh, = (-1,0,1), 6b. = (0,0,-1), 6 = (0,1,-1), bh = (1,1, 90) 
as values of § for the form ¢. Now the automorphs 


0 -! 0 1 0 0 


= 
_— 
= 
— 
_ 
-~ 
— 
os 
_ 
_— 
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have the property that %,5, = 6. and Yb; = 6.. Hence, by Theorem 7, there 
are no more than two classes in the genus of w. 56, yields a form equivalent to 
wr3 = 21 + 522 + 5x3 — 42x22, and b, yields a form equivalent to w/; = 2z7 + 
2x3 + 7x; — 2x,2.. Hence 


(27) Ao (Ws ? t) _ i{A (Ws, ? t) + 3A (W, ’ t/3)}, 


where A (Q8, , t/3) is taken to be zero if ¢ # 0 (mod 3) and, since w,; and w}, have 
8 and 24 automorphs respectively, 


A (Bs ’ t) a {3A (W:5 ’ t) + A (Ws; ] t)} 4. 


Example 4. We finally consider a case in which ¢ and S have a factor in com- 
mon. Choose as ¢ the form xz} + 2x; + 525 in a genus of one class. If ¢ is prime 
to 10, the formulas yield [21; 59] 


(28) A(G, t) = F(100). 


Now o = 5t implies z, = x, = O (mod 5) and A(G, 5t) = A(S, , 0, where 
o, = 5a; + 10x23 + 2x3 since, by Theorem 8, o; is in a genus of one class. Then 


(28’) A(S, 5t) = A(S, , ) = F(5OA)[1 + (¢| 5)]/7, for ¢ prime to 10, 


(28’’) A(G, 25t) = A(S, 2). 


Consider ¢ even. The form 8 of the theory is 2; + 5a; , Aj(B, 2) = 0, 
A‘(B, 0) = 1 and ¥; is the form 227 + 2z,2, + 323. Hence, (12) yields 


A(G, 2t) = A(R; , d), 


where w, = 2x7 + x3 + 323 + 22,2; , whose representations may be found for t 
odd. 


8. Positive quaternary forms. The number of representations function for 
various quaternaries was given by Liouville [11], [12]. A few other forms are 
dealt with in neighboring volumes of his Journal. From (1) and Lemma 11 we 
find, for ¢ prime to 2S, 


(29) AS, ) = Sha? {S en? {> ed} T] AG, de", 

p\2s 
where the first sum is over all odd positive n, the second over all divisors of ¢ 
and ¢, = (S| n). 


If Sisa perfect square, >. ¢n™? = >> n-? = 3¢(2) = w*/Sandt>. ed™' = Dd, 
that is, the sum of the divisors of ¢t. Hence, 
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(30) AS, t) = 8S"*{>> d} [] AMG, dq™. 
dit pi2s 
If S is not a perfect square, we use (21). Since there is no essential simplifica- 
tion, there is no great point in exhibiting the complete formula in one piece. 
Example 1. If S = 1, we have the usual formula [6] for the number of repre- 
sentations of ¢ by the sum of four squares 


(31) AS, t) = AS, ) =8>od, for t odd. 
d\t 


Example 2. If o = x, +22 +223 +227 , we have [13] 
(32) AS, ) = AG, ) =4>0d, for t odd, 


dit 

since Theorem 7 may be used to show that ¢ is in a genus of one class because 
the sum of four squares is. If we take p = 3, we see that the only two primitive 
solutions 5 of r'Sr = 0 (mod 3) which need be considered in getting the classes 
of w are b, : (0, 1, 0, 1) and 6, : (1, 1, 1, 1). They yield the forms wf = 3x2} + 
32; + 65 + xi + 2roz, ~ w, = 27 + 2x? + 3x? + 672 and w, = 327 + 3x3 + 
Ga; + 2xri + 2x,2, + 2xr.x, + 4x,2,. Theorem 7 shows that there are not more 
than two classes in the genus of w, . w, , having the minimum 2, is not in the 
same class as w, . Hence, there are exactly two classes in the genus of w, and 
their representatives are w, and w,. Now k, is, by (14), equal to 16. Hence, 
from (11) we have 


A,(S, 3t) = 16A,(B, t) — 15A,(3S, t) 
and (32) implies 
(33) 16A,(@, ) = 4 >> d+60 >) d, for t odd, 


d\3t 3d\t 


the second sum being omitted if t # 0 (mod 3) and 
2A,(W, t) = A(B, , t) + A(W, ’ t) 


since w, and w, each have 16 automorphs. The form w, has been considered on 

numerous occasions [4]. The fact that it occurs in a genus of two classes shows 

that one should expect to have difficulty in finding the number of representations 

of any number by it. (33) may be deduced by elementary means. The formula 

for the number of representations of an even number by w, has been found. 
Example 3. Leto = ai + 22 + 23 + 324. Formula (21) yields 


2 


XB | nm? = => YB MG/Y — G/12, 





the sum being over j = 1, 5,7, 11. Now 


> (3 | f){(j/12)? — (j/12)} = 1/3. 
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Hence, from (29), 
A(G, t) = A(S, ) = 6D B| at/d [] AG, dq”, 
dit p=2,3 


for {prime to 6. Now A,(G, t) = 3A;(G, , t), where o, = 2} + 23 + 23. Hence 
A,(G, t) = 3°{1 + (—t|3)/3} and, by (15), A.(S, t) = 8*{1 — i**'/2} and 
[3], [12] 


(34) A(S,t)=6)>> (3| d)td'{1+ (—t|3)/3}{1—i'*'/2}, st prime to 6. 
dit 

The odd multiples of 3 represented by ¢ may be dealt with in a manner similar 
to that used for w; in Example 2 of §7. 

Since the development for even values of ¢ illustrates our methods, we give it 
here in detail. Essentially the only solutions of r‘Sr = 2 (mod 4) are 5, = 
(1, 1, 0, 0) and 6, = (1, 1, 1, 1), while essentially the only primitive solution of 
r’Sr = 0 (mod 4) is b, = (0,0, 1, 1). The corresponding forms are equivalent to 


xi + 22 + 2x3 + 624, 


oO, = 
w, = 2x; + 2x2 + 2x5 + Bei — 2x22, 
@s = 2x7 + Qx° + 2x; + 32% — 2x25 - 2x 2X, - 22324 ° 


Hence, by (12), 
(35) AS, 2t) = Ai(B, 2)Ao(B, ’ t) + {Ai(B, 0) — 1} Ao(W, ’ t) 
+ A,(B; ’ t) aio 6A,(2S, t). 


It is to be noted that, since, by Theorem 7, all the forms are in genera of one 
class, the subscript of A may be omitted. Furthermore, from (16), A4{(%, 2) = 3 
and, from the discussion after (12), we have 


(35’) A(G, 2t) = 3A(BW, , t) + A(R; , 0), if ¢ = 1 (mod 2), 
(35’’) A(G, 2t) = 3A(R, , t) — 2A(G, 32), if ¢ = 0 (mod 2). 


A(@, , t) and A(, , ¢) for ¢ = 1 (mod 2) may be found by similar methods 
to that used for A(G, t). It remains to consider A(Q, , ¢t) for ¢ = 0 (mod 2). In 
w, the B of our theory is 2x} — 2zx,2, + 2x; . The primitive solutions of 
r’Br = 0 (mod 2) are (0, 1), (1, 0) and (1, 1), where automorphs of 8 take each 
of the first two into the last. Hence, if w, is taken as our new og, the related w 
(call it wo,) is ${2(2x, + x2)? —2(2x, + x2)a. + Qx3 + 2x3 + xi}. That is, 
wo, = 4a? + 23 + Qr,z,. + 23 + 23 ~o. The form 6 for w, is 6, = 42} — 42,22 
+4r3+ai;+ai. A(W,,t) = 3A(G, $t) — 2A(D, , 34). Hence (35’’) becomes 


(35’”’) A(S, 2t) = 7A(S, 3t) — 6A(D, , 46), for ¢ even. 


If 4¢ is even, the process continues. 
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A PROPERTY OF PSEUDO-CONFORMAL TRANSFORMATIONS IN THE 
NEIGHBORHOOD OF BOUNDARY POINTS 


By STEFAN BERGMAN AND D. C. SPENCER 


1. There are roughly two kinds of theorems in the theory of functions of two 
complex variables: (i) theorems concerning the behavior of a single function of 
two variables; (ii) theorems involving the simultaneous behavior of a pair of 
functions whose Jacobian does not vanish identically. Such pairs w, = f,(z, , 22), 
k = 1, 2, define mappings w of four-dimensional domains of the (z, , z2)-space 
into domains of the (w, , w.)-space; we call these mappings PT’s (pseudo- 
conformal transformations). 

In some cases the investigation of PT’s may be reduced to the study of a 
single function of two variables (see, for example, [1]; also [8] where, by using 
the theory of distinguished boundary surfaces, a generalization of Lindeléf’s 
convergence theorem is obtained); but in others reduction to one function is 
impossible. The problem considered here is of the latter type, and concerns 
geometrical properties of the boundary sets. 


2. We denote manifolds by German letters, the superscript denoting the 
dimension of the manifold. However, we sometimes omit the superscript if the 
manifold is four-dimensional or if it is a point. In operations involving sets we 
use the customary symbols. For example, G7 (\ &; denotes the intersection of 
€T and & , a” e &" means that a” is an element of &", and the symbol $ denotes 
logical summation over a set. We write E[ ] for the set of points whose co- 
ordinates satisfy the conditions indicated in the bracket. 


3. The theorem in one variable which we generalize may be formulated as 
follows. (See [7; 434]. The form of statement below conforms to that chosen 
in two variables.) To avoid repetition we suppose throughout that k assumes 
the values 1 and 2. 

Let 8'(r), 0 <r <r), be an open arc of the circle E[ | z | = r]. We denote the 
end-points of 8'(r) by 6{(r), 62(r), and write 

R2= § 8'(r). 
(3.1) O<r<ro ( 
Suppose that the function f(z) is regular in N’; let [,(r) be the set of limit values 


of f as z approaches 6,°’(r) through 8'(r), and let ©, be the aggregate of limit 
points of [,(r) asr— 0. If 


(3.2) I lf’ ? pdpdp < o (z = pe’*), 
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then 
(3.3) &, C\ & #0. 


This result is intuitive when f is schlicht and bounded. For, if €, © ©, = 0, 
the boundary of the domain 9’ would have a “gap” in it of width equal to the 
distance between ©, and ©, . In the general case the alternative is that the 
values of the function “‘spill’’ through the gap, so to say, and create infinite area. 
We now state an analogous result for PT’s. 


4. Let 8° be a bounded domain of E[r, > 0] for which 


(4.1) / dr,dr. aa 


Tile 
9s 
Then $’ has at least one boundary point p on one of the lines r, = 0, and we 
suppose for simplicity that p is the only such boundary point. For each (r, , 2) 
e $’, let M°(r, , r2) be a simply-connected (open) sub-domain of the square 
E|O0 < y% < 2x], and write 


(4.2) Sir, ’ Ye) =E [z, = ow", 22 = 12 cn. (vi ’ V2) e M?(r, ’ r2)]. 


We suppose that the boundary 6}(r; , r2) of Si(r, , r2) is a Jordan curve defined 
by z = 7,(t) = 7.(r, , %23;0,0<t < 1, 7,.(0) = 7,(1), and write 


(4.3) bi(r; m2) = § 6.471 » 12), 
y=1 
where 
b.4(r: 7%) = Ela = nu(t), ty. St < tb), 
(4.4) 


= 0,t, = 1,t,-, <t,,t, = t,(n, 1). 


That is to say, we make (for each (r, , r2) e 8”) an arbitrary dissection of 6}(r, , 72) 
into four parts. We suppose that the functions f,(z, , 22), 2, = re'** are regular 
in the domain 





(4.5) R= Ss Silr; , ro), 


ra) 2 B? 





and that they define a PT w which is one-one and continuous (topological) in 
the closure of Si(r, , r2), (m , m2) e B’. Finally, writing 





2 


Afi aft 


lk=1 OZ, Ozt 


Afi, fe) 
O(2, , 22) 


(4.6) dla, ., & 


tS 
~— 
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(* denotes the conjugate), we suppose that 


(4.7) [[[[ r+ ma < », 


where dw denotes an element of volume of 9. 

Let b}.,(7: , 72) be the portion of the boundary of w(Si(r, , r2)] corresponding 
to b;.,(7, , 72), and let ©, be the set of limit points of 6; ,(r, , 72) as the point 
(r; , T2) tends to p in all possible ways through ¥’. 


THEOREM. One of the two intersections ©, (\ ©; , ©. (\ ©, is non-null. 


The condition that w is schlicht and continuous in the closure of Si(r; , r2) is 
not essential, and could be removed at the expense of a certain amount of topo- 
logical complication. Since such complication here would only obscure the main 
idea, we have decided to omit it. 

A similar remark applies to the statement of the theorem, and the following 
stronger assertion is true: Of the four possible combinations ©, (\ ©, O\ ©, for 
distinct d, uw, v, at most two are empty. 

We remark finally that there are three possibilities for the boundary point p 
of B”: (i) p = (0, 0); (ii) p = (0, rz), re > 0; and (iii) p = (r, , 0), 7, > 0. In 
case (i) the surface Si(r, , r.) converges to the point z; = z, = 0, in cases (ii) and 
(iii) to a segment (or a point) of the are E[z, = 0, | z3_, | = r3-,]. There are thus 
essentially two cases: convergence of Si(r; , r2) to a point or to a curve. 


5. The proof of the theorem is based on a lemma which we formulate in 
slightly more general form than we actually require. 

Suppose that b' is a (closed) Jordan curve in n-dimensional Euclidean space St" 
defined by xz, = x,(t),0 < t < 1, » = 1, 2, --- , n; and make an arbitrary dis- 
section of 6' into four parts b} such that 


(5.1) b= sb, b= Elz, =x(), 41.5 ¢< t) 

(t,-. < t,, % = 0, t, = 1). 
We suppose that 
(5.2) D(b; , b3) > a, > 0, D(b; , bs) > a, > 0, 


where D[b; , 6t..2] is the distance between 6; and b;,, (that is to say, the minimum 
distance between any two points p, and p, , p, © bi , Po e bi.2). Let S* be any 
continuous surface in " with boundary 6’. 


Lemma. If the area A(S’) of S’ exists, then 


(5.3) A(S’) > aja, . 
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By a well-known theorem [5], [6], there exists a surface 
(5.4) S> = Elz, = x,(u, , U2), 0 < um < a] 


of least area having b' for boundary for which, furthermore, writing 


—~ Ox, OX 

5.5 _= —e tee 
(5.5) Gi 2. du; du,’ 
we have 
(5.6) Jiri = G22, fiz = Ju = O. 
That is to say, So is mapped conformally onto the rectangle 0 < u, < a, . 

We write 
(5.7) ¢, = BS) b., (s = 1, 2, 3, 4; 65 = 56)). 
By mapping conformally the rectangle E{/0 < u, < a] into itself, we may 
suppose that ¢, , C2 , ¢; correspond to (0, 0), (0, a), (a; , a2) respectively. There 
are now three possibilities: c, corresponds to the corner (0, a), to a point of the 
line u, = 0, or to a point of the line u. = a,. We may suppose without loss of 


generality that c, corresponds to a point of u, = 0 (which may be (0, a)). By 
(5.6) 


(5.8) A(S2) = / / Ga Oe Oe 


and L[x({i,)], the length of the transform by x = [x, = x,(u; , u2)] of the line- 
segment [), = E[u, = const., 0 < uw. < a], is given by 


(5.9) Lx(e)) = [ ins 


Since x({i,) connects 6} to 6} , we plainly have L[{x({!,)] > a. Hence, by the 
inequality of Schwarz, 


as as \2 
aja; < if | | gi, au, | du; } 
< / / gir du, du, [ / du, duy = aya2- A(SS) < aya,- A(S’). 
0 ( 0 € 


) ) 





(5.10) 





6. Suppose that the statement of the theorem is false. Then 










(6.1) 





GOOG =0, €, f\ &, = 0. 


By (6.1) there exist two positive numbers ¢ and r, = r,(e) such that in B* = 
E|(r, — pi)’ + (r2 — pe)* < 76], where (see end of §4) p = (p, , p2), we have 


(6.2) D[(62,4(7; 12), be+2(M1 , T2)] > & 
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where 63.,(7, , 72) = w[6t.,(r, , 72)]. Writing now 
(6.3) Si(r. , 2) = w [Sir , r2)], 
we obtain from the lemma that 

(6.4) A{Si(r7, , r2)} > € 


for all (r, , m2) « BPO &’. 
We write 


fi=outin, fr=mtin,  v, =0,(r, e%', re°"") 
(vy = I, 2, 3, 4) 


and 
~. dv, ov 
6.5 a = — —. 
( ; g v=1 Oy; Wr 
Then 
(6.6) A {Sx(r, ’ r2)} = | (911922 = giz)? dy, dy, . 


MF(ri.ra) 


Hence, by (6.4) and the inequality of Schwarz, we have, for (7, , r.) ¢ BPO &, 


é< { I (9iig22 — giz)’ dy, av.) 


[faa ff Gute = oi) a, 


Mr(rs ra MFr(ri.ra) 


= 
o> 
~J] 
~— 
A 


lA 


4r” I (911922 — Gi) dy, dp. 


Mr(risra) 


since A[M°(r, , r2)] < 4x”. But [3; 476] 


Of. , f2)\° 2 2 af, aft wooo) T -— 
az, 2,)| 9) + [im » az, def (rir2) 











JisG22 — Gi2 = 
(6.8) 
< (rir2)*[J (2: , 22) + Ha , %)] 


(* denotes the conjugate) and so by (6.7) 


é 1 : . 

q . , —_ .- —- - ls u B . 

(6.9) [fo + tn ature dy. > ee ((r, , 72) © BOB’) 
M(ri.ra ‘ 
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Finally, integrating (6.9) with respect to r, , r. over B° (\ B’, we find 
I 


[[[ c+ m a 


(6.10) ® 
é dr,dr, 
> (J + H) ds dbafrs dry rs dr, > ff %% - 
dn Tile 
EB? Ng MFirai.ra) B27 gs 


by (4.1), a result which contradicts (4.7). This completes the proof of the 
theorem. 


7. We observe that the kernel of the method lies in the inequalities (5.10) and 
(6.7). For conformal mapping there is the relation (5.10), and for quasi-con- 
formal mapping a similar inequality. For pseudo-conformal mapping in the 
space of two complex variables, there exist two analogous inequalities: one 
connects “‘B-area” of surfaces and 4-dimensional volume, and the other area of 
surfaces in the ordinary sense and the functional (4.7). (See [4; 147-149] and 
[2], [3].) The problem arises to characterize more general classes of mappings 
with this property. 
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CONTINUED FRACTIONS WITH COMPLEX ELEMENTS 
By WALTER LEIGHTON AND W. J. THRON 


Introduction. In this paper are obtained new conditions which are sufficient 
for the convergence of a continued fraction of the form (1.1). In particular, we 
determine a new set of convergence regions for (1.1), that is, regions R of the 
complex plane with the following property: a sufficient condition for the con- 
vergence of (1.1) is that the set a, , a, , --- belong to R. The results established 
here are improvements on certain earlier results reported to the American 
Mathematical Society May 9, 1941 (cf. Bulletin of that Society, vol. 47(1941), 
p. 557). The methods of the paper include what is believed to be the first 
application of the theory of normal families to the study of convergence of 
complex continued fractions. 

In §1 and §2 certain preliminary basic results are obtained. The main results 
of the paper appear in Theorems 3.1 and 3.2 in §3. Theorem 3.1 provides 
conditions on the numbers a, and the variable z which insure the convergence 
of K(a,z/1) to an analytic function of z. As an immediate consequence of this 
there appears in Theorem 3.2 a new family of parabolic convergence regions. 
In §4 the question of “‘bestness” is discussed. In §5 results on value regions for 
continued fractions are presented. 


1. A fundamental lemma. If the complex numbers a, , a, , --: lie in a region 
E in the complex plane, £ will be said to be an element region associated with 
the continued fraction 


o.. & 
(1.1) SP eee one 


If V is a region in which the values of all the approximants 


ei}. ee. So (n = 1, 2, ---) 


lie, V will. be said to be a value region corresponding to the element region E. 
It is not assumed that the region V contains only values taken on by the approx- 
imants A,/B, . Further, no assumption is made concerning the convergence 
of the continued fraction (1.1). 

A sufficient condition that a set V be the value region corresponding to an 
element region is given in the following lemma, due to Scott and Wall (3). 
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Lemma 1.1. If two sets of complex numbers E and V are given, such that 
(i) l+aeV,tfack, 
(ii) l+a/veV,ifaeEandve V, 

then V is a value region corresponding to the element region E 


A brief proof may be given by induction. It follows from (i) that every 
number 1 + a,/1 belongs to V. Assume now that all numbers 1 + a,/1 + a./1 + 


-++ + a,/1 belong to V for any choice of the k numbers a, , a , --- , & 
(k = 1,2, ---,m)from E. It then follows from (ii) that all numbers 1 + a,/1 + 
a,/1 + --+ + a,.4,/1 belong to V for any choice of the m + 1 numbers a, , --- , 
Am+1 ° 


The following corollary is immediate. 

Coro.tuary 1.1. Jf two sets E and V are given, such that 
(i)’ le V, 

(ii) l+a/veV,ifaeEandve V, 


then V is a value region corresponding to the element region E. 


2. Construction of element regions corresponding to a given value region. 
The problem of constructing a precise value region corresponding to a given 
element region does not appear in general to be simple. In this section we shall 
describe, however, a general method for determining an element region corre- 
sponding to a given value region. 

Let V be a set of complex numbers whose elements we shall denote by v. Let 
b be an arbitrary complex number. The set V + b, we shall understand, con- 
sists of all numbers v + b, where v belongs to V. Similarly, the set b-V shall 
consist of all numbers b-v, where v is any member of V. Finally, let B be a set 
of complex numbers whose elements are denoted by b. The set D[b- V] denotes 
the point-set intersection of all sets b- V, where b is an element of B. 

Using this notation, we have the following theorem. 


THEOREM 2.1. Let V be a region in the complex plane, such that 1e«V. If the 
set E = D{v(V — 1)] is not empty, V is a value region corresponding to the element 
region E. 


This theorem is an immediate consequence of Corollary 1.1. Since 1 e V, (i)’ 
is satisfied. From the definition of the set E it follows that for any given a e E 
and ve V an element v’ e V can be found such that a = v’(v — 1). Thenv’ = 1+ 
a/v, and v’ e V for any choice of a and v; hence (ii) is satisfied and the proof is 
complete. 

We shall now be concerned with the actual construction of regions F arising 
from certain simple V regions. 




















CONTINUED FRACTIONS WITH COMPLEX ELEMENTS 765 


Let V be the convex region bounded by two rays emanating from z = d, where 
d is a positive number satisfying } < d < 1. The angle @ between the two rays 
is to be < x. Further, it is assumed that the two rays do not lie both above or 
both below the real axis and that the points on the real axis with values which > 
d are contained in the region V. Denote the rays by a and b. By a’ and b’, 
respectively, we denote the images of the rays a and b under the transformation 
w= 2z-— 1. For these regions the following lemmas hold. 


LemMA 2.1. The region D[v(V — 1)], where v ranges over the whole set V, is equal 
to the region D\v’'(V — 1)], where v’ ranges over the boundary of V only. 


It suffices to show that for any set v(V — 1) a set v'(V —-1) contained in 
v(V — 1) ean be found, where v’ is a point of the boundary of V. It is clear that 
such a number v’ is obtained by taking the number lying on the boundary and 
satisfying the condition arg (v’) = arg (v). These two numbers will satisfy the 
inequality | v’ | < | v|. 

The set (V — 1) is subjected to the same rotation by multiplication by v as by 
multiplication by v’. Further, as v = 0 is contained in the set (V — 1)e"*, the 
stretching effected by | v | > | v’ | insures that the set v(V — 1) contains the set 
v(V — 1). 


LemMa 2.2. If we denote by z = x + iy the points on a straight line 


xcos 6+ ysin@— p=0, 


¢ 


the points z-re‘* = u + iv lie on the straight line 
u cos (@+ ¢) + vsin (6+ ¢) — rp = 0. 


It is well known that, under a rotation as well as under a stretching, a straight 
line is transformed into a straight line. Further, multiplication by a complex 
number gives rise to a rotation followed by a stretching, each with respect to 
the origin. The truth of the lemma is now evident. 


LemMa 2.3. The boundary of the region D\v(V — 1)] is formed by the two families 
of straight lines: 


(1) line a’ multiplied by all points on ray b, 
(2) line b’ multiplied by all points on ray a. 


If a letter, originally assigned to a ray, is used for a line, it is assumed to mean 
the line of which the ray is a part. Further, let us denote by a” and b” the 
images, respectively, of the rays a and b under the transformation w = d(z — 1), 
where d is the number previously defined. Finally, denote by s a ray obtained 
by multiplying the ray a’ by a number representing a point on the ray a. With 
these preparations we are ready to prove the lemma. 

It will be shown that no ray s has a point in common with the interior of the 
set d-(V — 1). This set contains the set Div(V — 1)]. In a similar way it can 











766 WALTER LEIGHTON AND W. J. THRON 
be shown that no ray of the family obtained by multiplying ray b’ by numbers 
representing points on the ray b has any point in common with the interior of 


the set d-(V — 1). 


a! a’ 4 a 











Ficgure 1 


It is clear that the ray s issues from a point on the continuation of the ray 


a’’. The boundary of d-(V — 1) consists of the two rays a” and b’’. By the 
line a” the plane is divided into two halfplanes in one of which lies the region 
d(V — 1) while the ray s lies either on the line a” or in the other halfplane. The 


truth of this statement is apparent, if it is noted that in order to pass from the 
ray a’ to the ray s one must move through an angle 6 (0 < 6 < 2) while in order 
to pass from the ray a” to the ray b” one must move through an angle ¢ (— 7 < 
g <0). The proof of the lemma is complete. 

Let the region V be bounded by the rays 


(a) x cos 8B + ysin 8 — dcosB = 0, y>O0 
(2.1) 
(b) xzecosy + ysiny — dcosy = 0, y < 0. 


Here —}x < B < $n, —}9 < y < $n, 8 — y < 0, dis real and 3} <d <1. 
The lemmas just proved apply to this region. 





ers 


- of 


<1. 
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To obtain the boundary of the region E = D[v(V — 1)] one has to consider 
the two families of lines obtained by multiplying the line 


x cos (x + 8B) + ysin (x + 8) — (1 — d) cosB = 0 
by points 


_ _dcosy io 


ee -- etn 
oo” O>d> -—3r+y7 


and the line 
x cos (x + y) + ysin (x + y) — (1 — d) cosy = 0 
by points 


d cos 8 +e 


“asl —-A°’ 0<6< 4}r+68. 


After a simple change in the parameter the resulting families are seen to be 
members of the family 


(2.2) xceos+8+7) +sin+6 +7) += cos 6 cots = 0, 





where —4mr < ¢ < 3x. 
Differentiation with respect to ¢ leads to 


—zxsin (gy + 8 + vy) + ycos (e+ B+ y) 


(2.3) 4 d(1 — d) cos 8 cos ysing _ 


cos’ ¢ 





0. 


Relations (2.2) and (2.3) are equivalent to 


_ = d) cos B cos y 
cos’ ¢ 





cos (29 + 6 + 7), 


_d(i — d) cos B cos y 
cos’ ¢ 





y= sin (29 + 8 + 7). 


Now set x + iy = re’’; then we have 





d(1 — d) cos B cos y 


2 
cos ¢ 


r=(@+y)= 


and 


cos @ = — cos (20+ 8+ 7), 
sin 6 = — sin (249+ 8+ y); 
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hence 6+ 7 = 29+ 8+ ~yandg¢g = 3(@ — (8+ y)) + 4x. From this it follows 
that 

cos*g = sin’ 3(8@ — (8 + y)) = 3(1 — cos (@ — (8 + ))). 
It follows that E contains the interior of the parabola 


_ 2d(l — d) cos B cos y 





(2.4 .. Sea : 

) 1 — cos (6 — (8 + y)) 

For a fixed angle 6 + y one obtains the largest possible parabola by setting 
d = 3,8 = y. Then V is the halfplane containing the points v = Re'* satisfying 
R > 4 cos B/cos(g — B). We can now state the following result. 


THEOREM 2.2. The value region V(8) corresponding to the parabolic element 
region E(8), where re‘® « E(8) if 


5 n< __} cos" B . 
(2.5) ‘= 1 — cos (@ — 28)’ 


is the halfplane defined by the relation Re'* « V(B) if 











cos B 
2.6 R> —— —} 3 : 
(2.6) = 200s (e — BY sx +B<go<5rt+ 8B 
It is of interest to note that all the parabolas (2.5) have the point z = —} as 


a point on the boundary. 
The following lemma will be useful. 


LemMa 2.4. The value region V corresponding to the element region E, consisting 
of elements a satisfying a « E(B), |a| < M, is that part of the previously defined 
halfplane V(8) for which |v| < 1 + 2M/cos B. 





. ; 2M , 
For the proof, note first that |1+a|<M+1< -+ 1. Further, as 
cos B 
v lies in the halfplane R > 3 cos B sec (g — 8), we have |v| > 3 cos. For the 
second and higher approximants we then have | v, — 1|-\v,-,| = | @|; hence 


v, —1| < 2M sec B and | v, | < 2M sec B + 1. 






3. Application of the theory of normal families. ‘The foundations have now 
been laid for applying the theory of normal families to continued fractions. The 
functions to be considered are the approximants A,(z)/B,(z) of the continued 
fraction 


G5 GS G&S 
i+1+1+-::’ 

where the numbers a, lie in a closed bounded region in the interior of a parabola 
E(B) and z is a complex variable. 


(3.1) l + 
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Let | a, | < M (n > 1) and let k > 1 be a real number such that a,k e E(8) for 
all n. Such a number k evidently exists. One could set k = 1 + 6/M, where 6 
is the greatest lower bound of the distances of the numbers a, from the boundary 
of E(@). 

Since the parabola E(8) is convex and contains the point z = 0 in its interior, 
a,r e E(B), if a, e E(8) and r is real, positive, and < k. 

Further, multiplication by 


cos’ (8 + 38) eit 


cos’ B 


transforms the parabola E(8) into E(8 + 36). These remarks make it evident 
that if the variable z lies in the region D, where 


k cos’ (8 + 46) 


cos’ B 





z=re'eDifr< 


the elements a,z of the continued fraction (3.1) lie in a closed bounded region 
in the interior of one of the parabolas E(8). 

A consequence of Lemma 2.4 is that the functions A,(z)/B,(z) are finite for all 
values of z in D, and since the approximants are rational functions of z, it follows 
that they are analytic in D. 

The values on the real axis < } are not assumed by any function of the 
sequence A,(z)/B,(z) for any value ze D. This follows from Theorem 2.2. The 
sequence of approximants, therefore, is a normal family of analytic functions in D. 

Further, for | z| < 1/4M, all elements of the continued fraction (3.1) satisfy 
the condition | a,z | < } (m > 1), and hence according to a theorem due to 
Worpitzky [4] the continued fraction, that is, its sequence of approximants, con- 
verges to a finite value. 

The intersection of the circle | z | < 1/4M with the region D contains an open 
set. Montel’s [1] generalization of the Stieltjes-Vitali theorem can therefore be 
applied and leads to the conclusion that the sequence of approximants A,,(z)/B,(z) 
converges uniformly (and hence to an analytic function) for the whole region D. 
We have now proved the following theorem. 


THEOREM 3.1. If the numbers a, = re“ lie in a closed bounded region in the 
interior of one of the parabolas E(B) (— 44 < B < 3m), 


$ cos’ B 


S =ies ——"7 
— 1 — cos (6 — 28) 
then for the values of the variable z = Re'* that satisfy the relation 


< kcos’ B + by) 


cos’ B 


R 
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the continued fraction 


Q,2 oz 


dae Le ee 


converges uniformly to an analytic function. 


Recalling that z = 1 is in D, we have the following theorem which is an 
immediate consequence of the preceding. 


THEOREM 3.2. If.the elements a, = re’° lie in a closed bounded region in the 
interior of the parabolic region E(B) (—3x% < B < 4x), 


1 ,2 
< 3 cos B 
"=j — cos (@ — 28)’ 





the continued fraction 


a; az 


Tei 





t+ 


converges. 


4. Bestness. In this section we shall consider two closely related examples. 
The first will show that the halfplane V (8) is actually filled by values assumed 
by continued fractions (1.1) with elements in the parabola E(8). The second 
example shows that in a certain sense the parabolas (8) are the best convergence 
regions obtainable. 

To this end consider the periodic continued fraction 







(4.1) 
where 
e(F*® fsin B+ (1 + 2d)] + e'*(d + da? + ky), 
a, = fe'%**” [sin 8B — (1 + 2d)] + e'*(d + d’? + k). 


le 


a, = 


It is easily verified that if d > — 4 and k > 0, a, and a, lie in the parabola. 
For k = 0 they lie on the boundary and the line passing from a, to a, makes an 
angle $x + 6 with the axis of the parabola. 

From the periodic theory [2] it is known that the value of the continued 
fraction (4.1) is 


v= 4{1 +a, — a, + [(1 + a, — a)? + 4a,]'}. 
The substitution of the values of a, and a, leads to 


v= (1 + (1 + Qde’?"*” + Oke). 
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The correct sign for the last term is the plus sign (v e V(8)). It is then easily 
seen that with the permissible range of values for k and d every value of the 
halfplane V(8) is assumed by a continued fraction (4.1). 

Let us now consider a similar continued fraction 


_b, _be _bi 
(4.2) Bote & eset 





where 
b, = ge°""*” [sin 6B + (1 + 2d + ©] + d+ de, 
b, = ge'%"* [sin 8 — (1 + 2d + ©] + (d+ d’)e™. 


Here ¢€ is supposed to be a complex number. For certain values of ¢« the continued 
fraction (4.2) may not converge. 

It is known [2; 276] that the continued fraction (4.2) diverges if the following 
two conditions are satisfied: 


(a) (1 + b, — b,)? + 4b,]' ¥ 0, 
|1 +b, + b. + [(1 + b, — b,)? + 4b,}' | 
= |1+b, + b, — [(1 + b, — b,)? + 4b) |. 


(b) 


Condition (b) is satisfied if the number 1 + b, + 6, regarded as a vector is 
perpendicular to the vector represented by [(1 + b, — b,)? + 40,]}. 
We have 


1+ b, + b, = sin B (1 + 2d)e'*"*” 4+ 1 4+ d+ d¥; 
this expression does not involve «. Further, 
(1 + b, — b,)? + 4b, = e'\"*” [Qe(1 + 2d) + &’]. 


In every neighborhood of the number zero we can find an ¢ satisfying both 
conditions (a) and (b), and hence the continued fraction (4.2) diverges. 

It is therefore impossible to find a region different from E#(8) containing a 
parabola £(8) in its interior and having with respect to convergence the same 
properties as £(8). It is further impossible to find a convergence region, con- 
taining in its interior neighborhoods of both the points b, and b, . 


5. Value regions. The work of the previous sections gives some immediate 
results concerning the values of the continued fraction (1.1). 

The value of a continued fraction is the limit of the value of its approximants 
if this limit exists. Let EZ be an element region and V a corresponding value 
region. It is then clear that the value of a convergent continued fraction (1.1) 
with elements in E must lie in the closure of V. 
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‘THEOREM 5.1. Jf the elements a, = re“* of the continued fraction (1.1) lie in a 
closed bounded region in the interior of the parabolic region (2.5), the continued 


fraction converges to a value v = Re** in the halfplane (2.6). Every value in this 
halfplane is taken by at least one continued fraction (1.1) with elements in the region 
(2.5). 


The first part of the theorem is a consequence of Theorem 2.2 and the last 
part follows from the first example in §4. 
A consequence of Lemma 2.4 is the following result. 


THEOREM 5.2. If the elements a,, of the continued fraction (1.1) satisfy in addition 
to the conditions of Theorem 5.1 the condition | a, | < M (n > 1), then the continued 
fraction converges to a value v, satisfying the condition |v | < 1 + 2M/cos 8. 


Finally, it is of interest to consider the value region corresponding to the 
element region defined by 
k 
<< 
"> 1— cos (0 — 2a)’ 





0<k < }cos’a. 


From the discussion in §2, it follows that the corresponding value region 
must be the part common to all regions V(8, d) defined by the two relations 
r > d/cos (8 — 6) andr > d/cos (2a — 8B — 6), where 8 and d, according to (2.4), 
must satisfy the relation 


2d(1 — d) cos B cos (2a — B) = k. 
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EFFECTIVE PARAMETERS 


By Artuur B. Brown 


1. Introduction. Under the classical treatment of essential parameters [1], 


[3] for a set of functions f,(z, , --- , 2%, a1, °** » Gm), fo(z, a), --- , f(x, a), the 
parameters a, , a, -°** , a, are called essential if there do not exist m — 1 func- 
tions of them, say A,(a), --- , A,-:(@), and r functions F, , --- , F, such that 


(1.1) Six sos > ** 1Om) = F,{2z; A,(a), 7. A,,-:(a)} (¢ - 1, ~~ » 


~ 


=z 


The treatment includes an algorithm for determining the number of essential 
parameters in terms of which the given functions can be expressed. If that 
number is m — 1, for example, then the final set of functions are the F, in (1.1). 

A weakness in this treatment is that the functions F; are in general unknown. 
(The fact that the A’s are in general unknown functions of the a’s seems of little 
consequence.) In this paper we show that the same algorithm leads to like 
results, where in place of identities of the form (1.1) we have similar identities 
in the z’s only. But in our case the F’s are known functions; in fact, F; = f; 
with a; = A; for a known set of subscripts j, with the remaining a’s constant 
(Theorem 8.1). All r-tuples f, , f2 , --- , f, of functions of the z’s are obtained 
in this way which can be obtained by varying all the a’s, and, incidentally, 
without duplication. 

In all the work certain “‘singular’’ points must be avoided, both in the classical 
and in the present treatment. A discussion of the singular points is included. 

A second deficiency in the classical treatment is the failure to establish a 
minimum number of parameters in terms of which the given r-tuple of families 
of functions of (x, , --- , 2,) can be expressed by means of differentiable functions; 
for this is done only under the restriction that the new parameters be functions 
of the old. In this paper we show without restriction, except as to the class of 
the given functions and the singularity of the points, that no smaller number 
of parameters can be sufficient (Theorem 10.5). 


2. Preliminaries. Let functions f(z, , --- , 2%, a, *** , @m) = fil, a), 
fo(x, a), --- , f,(x, @) be given, real and of class C***, in a neighborhood of 
(xi, +--+, a2, al, ---,a2);N is to be specified later;n,m,r > 1. If the functions 
are analytic, no restriction to real functions is necessary. We consider the f's 
as functions of (x, , --- , 2,), With a, , --- , a, a8 parameters. Let us denote by 
\f(x, a)} the r-tuple f,(z, a), --- , f,(a, a) of functions. In the case of a set 
containing only one function, we omit the braces. 
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DerFIniTiON. The arguments a, , --- , a, , k < m (or any other subset of the 
a’s if they satisfy corresponding conditions) will be called an effective set of para- 
meters for {f(x, a)} at (z°, a’) if, for every (al, --- , a1), (a? , --+ , a2) in some 
neighborhood of (a! , --- , a,), with (a} , --- , a1) ¥ (ai, --- , a}), not all the 
identities 


- 1 1 i) 0 a 2 2 0 0 
Sila; a, 2° 5 Oey Onery °°* » Am) S(T; ey , °° , Oey Oper, *** » Am) 
(2) 


are valid for (x) in any neighborhood of (z°). 


The arguments a, , --- , a will be called a sufficient set of parameters for 
{ f(z, a} at (z°, a’) if, for (x) in some neighborhood of (x°), the r-tuples 
{f(xy ay, +++, ae, abs,, °° , @&)} of functions of (x) with (a, , --- , a) in any 
given neighborhood of (a! , --- ; a) include all r-tuples { f(z; a, , «++ , @m)} of 
functions of (x) with (a, , --- , a) in a corresponding neighborhood of (a{ , 
-, ae). 


A set of parameters will be called complete for { f(x, a)} at (x°, a’) if it is both 
effective and sufficient for { f(x, a)} at (x°, a’). 

Remark. It follows fairly easily from the first definition that, if all m para- 
meters form an effective set, then they are essential. We shall see later that the 
number of parameters in a complete set in general equals the minimum number 
of essential parameters in terms of which the given functions can be expressed. 
(Cf. the remarks just before Theorem 5.9.) 

The following theorems are obvious. 

















THEOREM 2.1. If a;, ,a;,,°°* , a, are effective for any one function f; of { f} 
at (x°, a’), then they are effective for { f} at (2°, a’). 


THEOREM 2.2. If a;, ,a;,,--- , @;, are sufficient for { f} at (x°, a°), then they 
are sufficient for each individual function of { f} at (2°, a’). 





While throughout the paper the wording will be for the case of real functions 
and real variables, all the work goes through for the case of complex variables 
if the f’s are analytic, with no change in proof. 


3. The matrix (M). In this section we give an algorithm for the construction 
of a matrix (M), whose rank turns out to equal the number of parameters in a 
complete set. Later we show that this matrix can be replaced by the matrix of 
the classical theory. 

All derivatives of a set of r dependent variables, say z, , 22, -:- , 2, , with 
respect to the z’s, are first ordered, as follows. We use the symbol 6 to denote 
differentiations with respect to the x’s, and begin by ordering the 4’s. If 
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6, = =. da in? 
Ox; ideas Ox, 


¥: Ox; --- oxi” 
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with 7, + --- +4, <j, +--+ + ,, then 6, precedes 6,. Ifti, + --- +4, = 
jit ccs +39, and i; = jy , ig = Jo, *** » tra = Ja-1, Dut A, < J, , again 6, 
precedes 6, . 

We denote by 4, the identity operator; in other words, 6,2, = z,. If now the 
operators in order are 6, , 5. , 53 , --~ , then the derivatives in order are 6,2, , 
5:22, °** » 5:2, 5 bez, , +++ , baz, 5 B92, , +++ , 5923 °°. If a derivative u precedes 
a derivative v in the ordering, then wu is said to be lower than 1, and v to be higher 
than u. We use some of the notations and ideas of the Riquier theory for partial 
differential equations, but do not actually use the theory. Cf. [4]. 

If u denotes 6,z, , then du denotes 6(6;z,). It is easily seen that if u is higher 
than v, then for any 6, éu is higher than dv. 

Later, where convenient, we shall use the symbol D to denote differentiations 
with respect to the z’s. 

The first ‘‘trial” row of (M) is 


Ro ee ae 


0a, Oa, Bn 


If these derivatives are all identically zero in x, a in the neighborhood of (z°, a’), 
we remove the row, and say that z, is rejected (rejected derivative of z, of zeroth 
order). If the derivatives are not all identically zero in z, a in the neighborhood 
of (2°, a’), but all equal zero at (x°, a°), then we shall call (z°, a’) a singular 
point. We assume that (z°, a’) is not a singular point. As more rows are intro- 
duced, we shall have other ways in which (z°, a°) may be a singular point. In 
all cases we shall assume that the point is non-singular. (The locus of singular 
points in (x, a)-space will be discussed in §9.) If, finally, oh re ah are not 
1 ™ 
all zero at (x°, a’), the row is retained in the matrix, and we say that z, is accepted. 
Now 2, (undifferentiated) is the next higher derivative. We consider 


S ni 


da, Oa Om 


as next trial row for the matrix. However, instead of discussing this row in 
detail, let us pass on to the general situation. Suppose that, after testing the 


rows of derivatives with respect to a, , --- , a, of the functions 6,f, =f, , if. , 
-++  OS,; bof , defo, +++, def, 3 ++: , &.f, , some of the derivatives 6,2, = 2, , 
5:22, +++, 8:2, 5 bo%, , bozo, +++ , bez, 3 -** , 6,2, have been accepted, the rest 


rejected. We now test the row 
ts) te] 0 
da, (8.f4) Oa (6.f4) ei: 0a, (6.f), 


wherec = sandd = 1+ lift#r;c=s+landd = 1ifi=r. If at (2°, a’) 
this trial row increases the rank of the matrix, 5.2, is accepted and the row becomes 
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permanently part of the matrix. If the row increases the rank for some points 
in every neighborhood of (x°, a°), but not at (z°, a’), then (x°, a’) is a singular 
point, and, as above, we assume that that is not the case. If, finally, the row 
does not increase the rank at any point in a neighborhood of (2°, a°), we say that 
5.24 is rejected, and the row is removed from the matrix. Thus at each stage the 
rank of the matrix equals the number of its rows. 


(3.1) This process is continued until the set of all derivatives of the z’s which are not 
rejected derivatives or derivatives of rejected derivatives are precisely the accepted 
derivatives. 


We shall prove in §5 that this must happen at some stage; and that, when it 
does, the a’s involved in any minor of maximal rank at (x°, a°) are a complete 
set of parameters. The final matrix is denoted by (/). 

The classical method of ending the algorithm is given in Theorem 5.9. 

It is obvious that, if (3.1) is satisfied, any derivative of a rejected derivative 
cannot be an accepted derivative, and hence must itself be rejected if tested. 
(This simplification was surmised by 8S. 8. Cairns.) For the present we cannot 
introduce this simplification. 

Remark. It follows that each row of (M) except those determined by 6,f, = 
Si, if2 =fe,-+:, ifn =f, consists of derivatives of the elements of at least 
one earlier row with respect to some 7; . 


4. The system (S). If N is the order of the highest derivative tested (with 
which the algorithm will eventually end), we assume that each f; is of class C*** 
in (x, a) neighboring (x°, a’). 

Suppose 


Ox;' +++ Ox," 


is a rejected derivative. We note that Df,(zx, a) is of class C’**-“*"""*™, 

Let D,z;, , Doz;, , +++ , Dizi, (1 < je < 1) be the derivatives accepted up to 
the time Dz, is aeusiaiel (Note that the D’s and j’s are in general not all 
distinct.) Then the matrix thus far constructed is 


0 re) 
Ba, (D,f;,) see Ba, (D,f;,) 














0 0 
Ben, (Dif iin) vee ag (Dif is) 


of rank h at (x° , a’). The trial row corresponding to Dz, is 


0 0 0 
Ba, (Df.) Ba, (Df.) cee da. (Df,). 





ip to 
t all 
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Since Dz, is rejected, this row does not increase the rank of the matrix at or near 
(x°, a°). Hence, by the general theorem of functional dependence, where 2, , 

- , x, are considered as parameters and a, , --- , a, as the independent vari- 
ables, we infer that 


(4.1) Df.(x, a) = H(z, , Loe) aes D,f;,(2, a@), “hes » Difin(2, a)], 


(z,@) 


where Df,(x, a) and H as a function of its n + h arguments are known to be of 
class C***"“**"""*™ Tn other words, z, = fi(z, a), --: , 2, = f,(z, a) is a solu- 
tion of the equation 


(4.2) Dz, ee H(z, 9 °** »Iny D,z;, eae D,2z;,). 


Thus, whenever a derivative is rejected, there is a corresponding partial 
differential equation (ordinary if n = 1) similar to (4.2), satisfied by z, = f,(z, a), 

- , 2, = f,(x, a) in the neighborhood of (x°, a°). When the algorithm is com- 
plete, we have a system (S) of differential equations, whose left members are 
precisely the rejected derivatives, and whose right members are functions of the 
z’s and accepted derivatives. 


5. Proof that the algorithm is finite. For the system of differential equations 
built up at any stage, any derivative of a left member (including a 0-th derivative 
or left member itself) is called a principal derivative. All derivatives of z, , «++ , 2, 
not principal derivatives of the system are called parametric derivatives of the 
system. 


Lemma 5.1. Every accepted derivative is parametric for the system of differential 
equations built up at any stage of the algorithm. 


To prove this, let 6,z, be any accepted derivative, and (S,) the system of 
differential equations of type (4.2) built up at any stage. Now if the highest 
left member in (S,) is lower than 6,z, , and (S,) is the system of equations of 
type (4.2) having as left members all rejected derivatives lower than 6,z, , then 
(S.) includes all equations of (S,). It then follows from the definition of “para- 
metric” that 6,z, must be parametric for (S,) if it is parametric for (S,). Hence 
we may assume that the left members of (S,) include all rejected derivatives 
lower than 6,z,. All such are then principal derivatives of (S,). 

Suppose that 6,z, were principal for (S,). Now 6,z, cannot be a left member 
of (S,), for the left members of (S,) are rejected derivatives, whereas 5,z, is 
accepted, by hypothesis. Hence it must be a derivative of a left member, that 
is, there must be an equation 


(5.2) 6.2, = Hix, ,--+ , tn, Dizi, , +++ , Did;,) 
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of (S,) such that 
6,2, = 5.(6,2,), 


where 6, , like 6, and 6, , indicates certain differentiations to the x’s. Now if 
5,z, is a derivative of order p, we know that 6,f, exists, of class C’**~?» Hence 
5.(6.f,) exists and is of class C’**~?. The known class (in terms of its arguments) 
of the function on the right side of (5.2) is the same as the known class of 6,f, ; 
ef. (4.1). Since the differentiations 5, can be performed on 6,f, , they can there- 
fore be performed on the right side of (5.2). Since (5.2) is satisfied by z, = 
Si(z, a), --- , 2, = f,(x, aw), the equation (£) obtained by performing differen- 
tiations 5, on both sides of (5.2) is likewise satisfied by z, = f,(z, a), --- ,z, = 
f.(z, a). Equation (2) has 6,z, as left member, and the function on the right 
side of (Z) is of known class equal to the known class of 6,f, , namely C***~’. 

Now if H actually has arguments other than z, , --- , x, , one or more new 
arguments will appear on the right in (EZ), namely some derivatives (G) of 
D,z;, , +: , D.z;, . Since the derivatives on the right in (5.2) are lower than 
5.z, , the derivatives (G) are lower (not necessarily of lower order) than 6,2, . 
The highest principal derivative in (G) can now be replaced by a function of 
a, ,°*** , 2, and derivatives lower than itself, by use of some equation of (S,), 
differentiated if necessary, just as 6,2, was equated to the right side of (EZ) by 
use of (5.2); and the resulting equation is still satisfied by z, = f,(z, a), --- , 
z, = f.(x, a). In this way, step by step, all principal derivatives of (S,) can be 
eliminated, since there can be only a finite number of derivatives in any descend- 
ing sequence. Hence finally we have an equation 


6,2, = ¥(2, ate » Ln ; 6,2 "pete del 5,z,), 
where 6,z, , --- , 6,2, are parametric derivatives of (S,) lower than 6,z,, and 
(5.3) 5, f.(z, a) = ¥[z, 5 =." oes 5. f(z, a), > a 5, f, (2, a))}. 
(z,a@) 


If a derivative 6,z, is replaced, under the procedure described above, in any 
equation 


6,z, = K[z,,-++ ,2n,°°* , be, °°°*], 


it is replaced by a function of known class at least as high as the known class 
of 5,f, , since 6,z, is lower than 6,z, . Hence the substitutions do not reduce 
the known class, and y must be of the same known class as that of the right 
member of (EZ), namely, C”**~?. 

Since any derivative lower than 6,z, has been either accepted or rejected 
before 6,z, is considered, and the rejected derivatives lower than 6,z, are principal 
derivatives of (S,), the (parametric) derivatives 6,2, , --- , 5,2, must be accepted 
derivatives. Hence 6,f,, --- , 6,f, are among the functions whose derivatives 
with respect to a, , --- , a, appear in the first w — 1 rows of the matrix, if we 
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suppose 6,z, to be the w-th accepted derivative. For fixed (x) near (x°) we then 
infer, from (5.3), by the general theorem of functional dependence, that the 
trial row 


0 0 re] 
aa, (8,f.) Ba, (4.f.) eee re (4,f,) 


cannot increase the rank of the matrix for (a) near (a°). Hence 5,z, must be a 
rejected derivative, contrary to hypothesis. We infer that Lemma 5.1 is true. 


Corouiary 5.4. The derivatives on the right in any equation (4.2) are para- 
metric for the system of such equations built up at any stage of the algorithm. 


For, every derivative on the right in such an equation is an accepted derivative. 


Lemma 5.5. If, under the algorithm, all partial derivatives of a given order A 
are rejected, and the algorithm is incomplete before the last of them is considered, 
then its rejection completes the algorithm. 


We begin by rewriting condition (3.1) in the following obviously equivalent 
form: 


(5.6) The algorithm is continued till the parametric derivatives of the system of 
differential equations are precisely the accepted derivatives. 


Now, suppose the hypotheses of the lemma are satisfied. Denote by (S,) the 
system of differential equations which has been constructed when the last 
derivative of order A has been rejected. Since all the derivatives of order A 
become left members in (S,), we see that all derivatives of higher orders must 
be principal for (S,). Hence all parametric derivatives must be of lower orders. 
The rejected derivatives of lower orders are left members in (S,), hence not 
parametric. Therefore the parametric derivatives must be accepted derivatives. 
But, by Lemma 5.1, all accepted derivatives are parametric. Hence the accepted 
derivatives are precisely the parametric derivatives, so that (5.6) is satisfied, and 
the proof of Lemma 5.5 is complete. Note that (S,) is therefore the (S) of §4. 


THEOREM 5.7. The algorithm is finite. 


Since the rank of the matrix cannot exceed the number m of its columns, a 
stage must be reached after which all derivatives tested are rejected. Denote 
by T the order of the highest accepted derivative. Then, if the algorithm does 
not end before testing the last derivative of order A = T + 1, it must, by Lemma 
5.5, end when the last of them is tested (and rejected). Hence the theorem is true. 


Lemma 5.8. If the f’s are of class C*, E > N + 3, where N is the order of the 
final derivative tested under (3.1), and the algorithm is continued after condition 
(3.1) [or (5.6)] has been satisfied, but where no derivative of the f’s with respect to x’s of 
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order higher than E — 1 has been tested, all derivatives tested after (3.1) is satisfied 
will be rejected, se that (M) will not become larger. 


By hypothesis the highest derivative to be tested is of order E — 1 > N + 2. 
Now, while in the proof of Lemma 5.1, p < N, the entire proof of Lemma 5.1 
goes through for the present case, where p < N + 2. (The functions in the 
proof of Lemma 5.1 of class C’**~” are now of class C’ at least. It is not until 
§7 is reached that higher class is needed.) Hence if another derivative, say w, 
were accepted, it would be parametric for the system of differential equations at 
any stage, in particular for (S). Since this would contradict the fact that the 
parametric derivatives for (S) are precisely the derivatives accepted up to the 
time (3.1) was satisfied and hence do not include w, we infer that Lemma 5.8 
is true. 

The following theorem establishes the equivalence of our test to the classical 
test, under which all rows remain in the matrix and the algorithm is continued 
until all derivatives of some order fail to increase the rank. Since in the classical 
case the rank of the matrix equals the minimum number of essential parameters 
by means of which the given function can be expressed with identities in (x, a), 
we infer that that number equals the number of parameters in a complete set of 
effective parameters, at any non-singular point. (Cf. Theorem 8.1.) 


THEOREM 5.9. If instead of using conditions (3.1) or (5.6) we continue the 
algorithm until for the first time all derivatives of a given order A are rejected, then 
the matrix (M) will be complete. At the same time, in testing derivatives for (M), 
any derivative of a rejected derivative can be rejected without trial. 


The final sentence of this theorem was surmised by S. S. Cairns. 

Proof. From Lemma 5.5 we see that the highest accepted derivative must be 
of order at least N — 1, where N is the order of the highest derivative tested 
under (3.1) or (5.6). 

Applying Lemma 5.8 with E = N + 3, we see that the situation called for in 
the first part of Theorem 5.9 must occur, with A = N or N + 1 according as the 
highest accepted derivative is of order N — 1 or N. Lemma 5.5 shows that, the 
first time it does occur, (3.1) will be satisfied by the time the last derivative of 
order A has been rejected, if not before. Hence (M) must be complete. 

As for the final conclusion of the theorem, we see by (3.1) that a derivative of 
a rejected derivative cannot be an accepted derivative and hence must itself be 
rejected if tested. This completes the proof. 

Remark. From Theorem 5.9 we infer that if the algorithm is carried through 
in this way, the ordering of the derivatives is immaterial, except that a derivative 
of lower order should precede one of higher order. 












6. The system (7'). In this section we obtain a system (7') of differential 
equations, determined by the system (S) and the matrix (M), which will enable 
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us to prove the existence of our complete set of effective parameters. As (7) is 
built up, we shall see that at each stage it is satisfied by z, = f,(z, a), +--+ ,2, = 
f.(a, a), when certain quantities p; are replaced by derivatives of the f’s which 
will correspond to them. 

Suppose the number of parametric derivatives (number of rows of (M)) is k, 
and let these derivatives be D,z,, , D.z,, , --- , D,z,, , in their order as defined 
in §3. (Here operators D,, and D, may be the same even if w # y, and s, may 
equal s, even if a ~ b.) We introduce the symbols p, , p. , --- , p, , and shall 
say that p; corresponds to D,z,, (i = 1, 2, --- , k). The derivative dp, will be 
said to correspond to the derivative of z,, given by 6(D;z,,). The dependent 
variables of our system (7') will be p, , po, +--+ , De - 

For any i < k andj < n, dp,/dx; corresponds to either a principal or a para- 
metric derivative of (S). If it corresponds to a parametric derivative, say 
D,z, , then the equation 


: Op; 
(6.1) a = Pi 


is put into (7). If it corresponds to a principal derivative v which is a left 
member of (8), then the equation of (S) with v as left member is put into (T), 
but with v replaced by dp,/dz; , and all (parametric) derivatives on the right 
replaced by the corresponding p’s. To be sure, the equation of (S) having v as 
left member may be used more than once in this way. 

The remaining possibility is that dp,/dx,; corresponds to a principal derivative 
of (S) which is not a left member, but a derivative 6 of a left member v of (S). 
(To make v unique, let us take it as low as possible.) In this case we take the 
derivative 6 of both sides of the equation containing v, which may give rise to 
certain principal derivatives on the right side. But these principal derivatives 
are lower than 6v, since differentiation preserves relative order. Hence, by use 
of other equations of (S), differentiated or not, we can replace these principal 
derivatives by functions of x, , --- , x, , Dyz,, , -+- , Dyz,, , and possibly still 
other—but lower—principal derivatives. By a finite number of such steps all 
principal derivatives on the right side can be eliminated. The resulting equation, 
with the left member replaced by dp,/dz; , and all derivatives on the right re- 
placed by the corresponding p’s, is put into (7'). 

Thus finally we obtain a system (7') of k-n differential equations: 


Op; ; . 
(6.2) Set = Heil y +++ 5 Say Pry *** Pa) GG =1,--- ,kjj = 1, --> ,n). 

At each stage, as at the start (cf. (4.1)), the right side of an equation of (S), 
or of a differentiated equation of (S), has class N + 3 minus the order of the 
derivative on the left. Furthermore, the substitutions mentioned above do not 
disturb this situation, since any replaced derivative is never of higher order than 
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the left member of any equation containing it. Hence a similar statement is 
true for (7). Since the highest derivative corresponding to a left member of 
(6.2) is of order at most N + 1, we see that all H;; in (6.2) are of class CY**"%*” , 
or C’ (and possibly higher). 

If F(z, a) = D,f,,(x, a) (i = 1, --- , k), every F; is of class C*. 


Lemma 6.3. For any (a) near (a’), the equations 
(6.4) p: = F,(x, a) (@=1,---,k) 
yield a solution of (6.2) for (x) near (x°). 


For, since z, = f,(x, a), --- , z, = f,(2, a) is a solution of (S), and (7) is 
derived from (S), z, = fi, --- , 2, =f, satisfies the system obtained from (7’) 
by substituting for the p’s the corresponding derivatives of the z’s. Hence (6.4) 
satisfy (7), and the lemma is valid. 


7. Proof that (7) are integrable, and some consequences. Using the notation 
of §6, let 


(7.1) p? = F,(2°, a’) i re 


LemMa 7.2. The integrability conditions for (6.2) are identically satisfied, for 
(x, p) in a neighborhood of (x°, p°). 


While the writer has not seen a treatment of a system like (6.2) with the H,; 
non-analytic, the theory is similar to the case k = 1. Cf. [2]. That the H;; be 
of class C’ is sufficient for the existence and uniqueness of solutions, provided 
the integrability conditions are satisfied: 
dH ~. dH; 
ny 5° Se 


il . 
“i 21 ap, H,; 


@¢ = °° »k3j,l= —— , n). 





(9) ~~ + 2, r “Wake =< 













Proof. Since the F’s are exactly the derivatives of the f’s to x’s figuring in 
(M), which is of rank k at (x°, a°), some Jacobian of derivatives of the F’s with 
respect to k of the a’s is not zero at (z°, a’), say 









D(F,, ++: » Pr) 2 


0 0 
geet, 0 at (x, a). 


(7.3) 






Hence, in some neighborhood of (z°, a’, p”), equations (6.4) are equivalent to a 
system of the form 









(7.4) O = (2), °°* Tey Diy °° » Dey Mears °° » Am) (@ = 1,--: ,k), 






with the ¢,’s of class C* since the right members of (6.4) are of class C’. 
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If (z', p') is given near (x°, p°), then aj , --- , a, are uniquely determined by 
the equations 


a; = OT, + Tey Diy *°* » Phy Gaver y *** » Om) (¢ = 1,---,k). 
From the equivalence of (6.4) and (7.4) we see that 
(7.5) ps = Fila, +++, tn, a1, ++ Ok, Geer, ***, Gm) «= (4 = 1, +++ , &). 
Since (6.2) are satisfied by (6.4), they are satisfied by 
(7.6) Di = Fy(x,, +++ 5 ny Ory *** Oh, Bear, *** y &) (i =1,---,k). 


Hence (7.6) must satisfy the integrability conditions (9) of (6.2), equations in 
in (x, p). In particular, (7.6) satisfy (9) at the point on (7.6) where (x) = (z'), 
and comparing with (7.5) we see that (9) are satisfied at (x', p'). Since the latter 
was any point neighboring (x°, p’), we infer that (9) are identically satisfied, 
and the lemma is proved. 


LemMA 7.7. Suppose (M) is of rank k and (7.3) holds. The solution of (6.2) 
determined by 
(7.8) P= Pp; at (x) = (2°) @§=1,---,k) 
for any (pi , -** , px) ina neighborhood & of (p! , --- , ph) is 
(7.9) py, = Pilar, +++ 2a, Bry ***, Be, ner, ***, Ge) (= 1,---,B), 
with 
(7.10) By = (at, + WR, Diy ++ Dey Qasr, ***, Om) (i = 1,-++,k), 
where the ¢’s are the functions appearing in (7.4). 

Proof. Since (6.4) are equivalent to (7.4), we infer from (7.10) that 
(7.11) py, = F,(x}, +++ tn, Br, *** » Bey G@per, °°? > Om) (@=1,---,k). 


By Lemma 6.3, (7.9) yields a solution of (6.2). From (7.11) we see that this 
solution satisfies (7.8). Since (7.8) determines just one solution, (7.9) must be 
it, and the lemma is proved. 


Lemma 7.12. Suppose (M) is of rank k and (7.3) holds. Given any neighborhood 
K of (a$ , --+ , at) in k-space, there corresponds a neighborhood M of (a°) in m-space 
such that the ay of k-tuples of functions of x, , ++ , %» for (x) near (x°) obtained 
from F,(2, a), -- » F(z, a) with all (a) in M is shade in the totality obtained 


by taking ax,, = O41, °** » Om = a sand (a, , +++, a) ink. 
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Since (8) and (p') are in one-to-one continuous correspondence, in the neigh- 
borhood of (a! , --- , a) and (p’), respectively, under (7.10), to the given 
neighborhood K of (a} , --- , a,) corresponds a neighborhood @ of (p°), such that 
if (p) is in @, then (8) will be in A. We choose @& sufficiently small to be used 
in Lemma 7.7. Now let SM be a neighborhood of (a{ , --- , a2) in m-space such 
that if (a) is in M, then [F,(2°, a), --- , F,(x°, a)] will be in @. 

We take 1 sufficiently small to insure that if (a') is in NM we can apply Lemma 
6.3, and infer that p, = F(x, a’), --+ , px = F,(x, a’) is a solution of (6.2). For 
this solution, when (x) = (2°), p; = F;(x°, a’), which we denote by p; (i = 1, 

- , k). According to the last sentence of the preceding paragraph, (p’) is 
then in ®. By Lemma 7.7, the functions in this solution are the same k-tuple 
of functions of (x, , --- , z,) as the F, , --- , F, given by (7.9) under conditions 
(7.10). Furthermore, the (8) of (7.10) is in K, by the first sentence of the 
preceding paragraph. Since in (7.9) the last m — k parameters are aj.,; , °°: 
a, , the lemma is proved. 


’ 


Lemma 7.13. If (M) is of rank k and (7.3) holds, the set a, , +--+ , a, forms a 
sufficient set of parameters for { f(x, a)} at (x° , a’). 


Proof. Among the functions f, , --- , f, suppose f,, , --- , fa, are accepted 
(zeroth) derivatives, and the rest, say f,, , --- , fo,_, , are rejected. Then f,, , 
,f., are included among F, , --- , F; , and, as is shown in $4, f,, , --> , fo--. 

are functions of x, ,--- ,%,,FPi,++:, Fe: 


fr(a, a) = Ela,,---,a,., Fi(a, a), +++ , Fila, a)] 
(7.14) — 
((=1,---,r—h). 


Let K and M be as in Lemma 7.12, and let any (@) in MN be given. By Lemma 
7.12 the k-tuple F,(x, a), --- , F,(z, a) is the same k-tuple of functions of (x) 
as the k-tuple 








, 0 , 0 0 
F(z: 6, , pies » Be > Gaei > si ye Te » Files 8, , pubes > a 5 Cees oth gi 3, 










for some (8, , ---: , 8) in A. Hence 





0 C 

F083 B, ors a B,. ’ Ga+ts °** 9 Qn = SAG Welle ’ Gm) 
_ - (z) 
(7.15) 







and, using (7.14), 







0 9 
So (23 By Ee » By ;m=aeae “> 7 





’ 0 0 
= t[a, a Ag > Xn ’ F(x; B, , nh » By » Aket oe rm S 
(7,8) 
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(7.16) on F,(2; B, lig , Bi 9 Ons) Sa an] 
= f.[z,,°°+ , 2a, Pi(ejan, °° , Gn), °°* , Paltja,°°* , an)) 
(x) 
= filz;a,,--- » &] (¢ = |], -++ ,r—h). 
(2) 


From (7.15) and (7.16) we infer that 


Silt; By, +++, Bey Ober, ++, an) SfHilzp ay, +++ , onl 


(2) 
(i= 1,---,7). 


Hence the first k parameters form a sufficient set, and the lemma is proved. 


8. The principal results. The principal theorem follows. 


THEOREM 8.1. Given f,(a , -** , n,Q, °** 5 Om), *** Sr, tt yy Bay Oy 

, @,) of class specified below in the neighborhood of (x°, a’), we suppose that 

(2°, a’) is not a singular point, and that the matrix (M) is constructed, the conclusion 

of the algorithm being determined either as in (3.1) or as in Theorem 5.9. If N is 

the order of the last derivative tested, we assume that the f’s are of class C*** in the 

variables (x, a). Let k be the number of rows in (M), and suppose a;, , +++ , a, 

are parameters figuring in a k-rowed determinant of (M) which is not zero at (x°, a’). 
Then a;, , +++ , @;, form a complete set of parameters for | f(x, a)} at (2°, a’). 


A third method for ending the algorithm is to continue till a sequence (W) of 
derivatives has been rejected such that all derivatives of the z’s higher than the 
derivatives in (W) are derivatives of derivatives in (W). 

Without loss of generality we may assume that (a;, , «++ , @;,) is (a@,,*** , @&), 
so that (7.3) holds. Hence the equations 


7 0 0 0 ° 
u; m FAS, ** > 4 Baa Oe 5 47" 9 le peek ee (= Loo 


place (a, , --- , a) in one-to-one correspondence with (wu, , --- , u), locally. 
Hence two non-identical k-tuples (a} , --- , a) and (aj , --+ , a) determine 
two non-identical k-tuples (u} , --- , u;) and (ui, --- , uj), and two non-identical 
k-tuples of values for {F(2°; a), +++ , at, @s1,°** , @)} and {F(a°;ay,---, 
@,,Q.1,°°*,@.)}. Since the F’s are derivatives of some of the f’s with respect 
to the 2’s, it follows that { f(x; a}, --+ , at, @i..1, °** , @)} cannot then be the 
same k-tuple of functions of (x) as {f(zj ai, -+* , at, asi, °°* , @)}. Hence 
a, ,-*-: , a are effective parameters for { f} at (2°, a’). By Lemma 7.13 they 
are also sufficient. Hence, they form a complete set of parameters, and the 
theorem is proved. 

Remark. We note that the proof that the parameters are effective does not require 
the f’s to be of class as high as is required in Theorem 8.1, but simply that the deriv- 
atives occurring in (7.3) be continuous. 
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The writer has proved the following theorem, but will omit the proof, partly 
because of the similarity to Theorem 10.5. 


THEOREM 8.2. Under the hypotheses of Theorem 8.1, no smaller number than k 
of the given parameters can be sufficient, and no larger number of them can be effective. 


The hypotheses of this theorem do not rule out singular points in the case of 
the smaller or larger number of parameters. 


9. The singular points. The following theorem in the large shows that the 
restriction to non-singular points is not as serious as might be imagined. 


THEOREM 9.1. Let @® be an open set in (x, a)-space in which f(a, , «++ 5 Xn, 
Oy, °° 5 Om), °°" ys fe(ti, +++ 5 Mn, Or, *** 5 &,) are sufficiently differentiable so 
that each point of ® can be established as singular or as non-singular with the condi- 
tions of Theorem 8.1 satisfied. The locus of singular points in (x, «)-space is then 
a nowhere dense set, closed relative to @. 


Proof. Since the rank of (M) cannot exceed m, a finite number of steps will 
suffice to determine whether a given point is singular or non-singular. From 
the definition it is then seen that, if (x°, a’) is a non-singular point, all points in 
a neighborhood of (z°, a’) are non-singular. Hence the locus of non-singular 
points is open, and its complement, the locus E of singular points, is closed 
relative to @. 

We infer that, if Z were dense in any region, the region would consist of points 
of E. But consideration of the algorithm for the construction of (7) shows that 
in any neighborhood of a singular point a non-singular point can be found; hence 
there can be no region of singular points. This contradiction shows that EF is 
nowhere dense, and the theorem is proved. 

RemaRK 9.2. If the order of the x’s is changed (or what is equivalent, the ordering 
of the derivatives is changed to what it would be under a change of order in the x’s), 
a singular point may become non-singular, or vice versa. 

This is shown by the example f(z, y, a, 8) = ax + By, with (2°, y°’) = (1, 0) 
and a’, 6° arbitrary, r = 1. We omit details. 

RemMaRK 9.3. If the order of the f’s is changed, a singular point may become non- 
singular, or vice versa. 

To show this, consider the pair of functions a + 2 andar. Iff,; =a+z 
and f, = ax, then the matrix (M) is || 1 ||, and there are no singular points. If 
f, = axand f, = a+ 2, the first trial row of (M) consists of the element x, which 
is zero if x = 0. Hence in this case any point at which x = 0 is a singular point. 








THEOREM 9.4. The numbers of parameters in complete sets for different non- 
singular points neighboring a given singular point may be unequal. However, if 
the f’s are analytic in (x, a) they must be equal. 
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First, to show that the numbers may be unequal, consider 


(9 #0, 
f(x, «) = 4 (r = 1). 
lex z>0 


The singular points are those at which z = 0. At any point where x < 0, the 
number of parameters in a complete set is zero. At any point where z > 0, the 
number is one. 

If every f;(x, a) is analytic, the singular points neighboring (2°, a’) in the 
space of the complex variables z, , --- , 2, , @ , *** , @» are easily seen to be 
confined to a finite number of loci obtained by equating to zero analytic functions 
which are not identically zero. Hence the locus of singular points cannot separate 
any two non-singular points in any neighborhood of (2°, a’) in the space of the 
complex variables. As the number of parameters in a complete set is constant 
in a neighborhood of any non-singular point, it is therefore the same for all non- 
singular points neighboring (2°, a’). 

We now give an example of an analytic function to show that a singularity 
may be a result not merely of the definition of singular point forced on us by the 
algorithm used but of our definitions of effective and sufficient. Let 


(9.5) f(x, a, 8B) = oB + x (r = 1). 
The first trial row of the matrix (M) is then 


B a. 


Hence the point (z°, 0, 0) is a singular point for any x°. At (z°, 0, 0) neither a 
nor £ is sufficient, and the set (a, 8) is not effective, as is easily verified from (9.5). 
Hence there is no complete set of parameters for that point. 

In the case of this example, the classical treatment is clearly superior, since 
under it we would consider the family F(A, x) = A + x. It is in the (general) 
case that F is not obvious that the treatment of this paper will be advantageous. 


10. The number of parameters needed. In this section we show that no 
smaller number of parameters than that in a complete set will suffice. 


LemMaA 10.1. Suppose we are given {| f(a, , --* ,%n, 1, °*** » Qm)} and {g(a, , 

-,2,,B,,°** , B)}, r-tuples of functions satisfying the hypotheses of Theorem 
8.1 neighboring (x°, a°) and (x°, 8°) respectively; suppose that the g’s are of class one 
greater than the N for { f}. If, for (x) in some neighborhood N of (x°) in (x)-space, 
the r-tuples {g(x, B)} of functions of (x) for (8) in any given neighborhood § of (8°) 
include all r-tuples { f(x, a)} of functions of (x) for (a) in a corresponding neighbor- 
hood & of (a°), the number of parameters in a complete set for {g(x, 8)} at (2°, 8°) 
equals or exceeds the number of parameters in a complete set for { f(x, a)} at (2°, a’). 
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It is to be noted that we do not assume that the parameters of either set can 
be expressed as functions of the parameters of the other set. 

It will be sufficient to show that every derivative that is accepted for { f} is 
likewise accepted for {g}. 

Suppose this is true up to a certain point; let 6z, be the next accepted derivative 
for {f}, if any. Now if 6z, were not accepted for {g} it must be either rejected 
or not tested for {g}. According to the hypothesis on the class of the g’s, we 
could test 6z, for {g} even if the (M) for {g} were complete, and, by Lemma 5.8, 
6z, would then be rejected for {g}. We may therefore assume that, if 6z, were 
not accepted for {g}, it would be rejected for {g}. 

Let D,z,, , Doz., , --- , Dyz,, be the derivatives accepted for {g} up to the time 
of testing 6z, for {g}. Let F(z, a) = D,f.,(x, a), and G,(2, 8B) = Dyg,,(x, 8B) 
fe ae | | 

Since 6z, would be rejected for {g(x, 8)}, we would have 


(10.2) by,(@, 8) = Kix, , +--+ , t,, G(x, B), «++ , Gla, B)], 


for (x, 8) neighboring (2°, 8°), with K of class C' (at least) in its n + h arguments. 

Let S be a neighborhood of (8°) such that if (8) is in S and (.) is in a neighbor- 
hood WN, of (x°), then (10.2) holds. We take N, C N. Let § correspond to G as 
in the hypotheses of the theorem. For any (a') in &, let (8') be a point in G such 
that 


Si(z, a’) = gi (2, 6’) (7 = l, al r), 


(2) 





for (2) in N, hence also in N,. Then 


F (2, a’) 


D,f.,(a, a') = Dig,,(x, B') = G(x, B') (= 1,---,h). 


(z) (2) 


z 


Also, 


of,(x, a') = 8g,(zx, 6’). 


(zr) 


Substituting in (10.2) with (8) = (a'), we would have, for (x) in (N,), 





(10.3) éf,(z, a’) = K[x,, +++ , 2%, , Fy(x, a’), «++ , Fy(x, a')). 


Since (10.3) would hold for any (a') in ¥ we would thus have 





(10.4) of,(z, a) = Klz,,--- 


(z,@) 


’ Za s F(a, a), Br al F(z, a)]. 





Ly the supposition above, F, , --- , F, include all the functions figuring in the 
part of (7) thus far constructed for { f(a, a)}, as well as perhaps some which are 
functions of 2, , --- , x, and those figuring in that part. Hence, for any fixed (x) 
in N, , (10.4) would show, by the general theorem of functional dependence, that, 
when we take the trial row consisting of the derivatives of 6f,(z, a) to a, , a, 
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, a, , in the matrix (M) for { f(a, a)}, the rank would not be increased. 
Hence 6z, would be rejected for { f(x, a)}, contrary to hypothesis. We infer the 
truth of Lemma 10.1. 


THEOREM 10.5. Suppose the hypotheses of Theorem 8.1 are satisfied by {| f(x, , 

, Un, @, °° 5 Om)} and {g(a,,--- , a, Bi, °** , B)} neighboring (x°, a’) 

and (x", 8°), respectively, and that the g’s are of class one greater than the N for | f}. 

If, for (x) in a neighborhood of (x’), the r-tuple \g(x; 8, , «++ , 8.)} of functions of (x) 

for (8) in any given neighborhood of (8°) include all r-tuples | f(x; a, , +++ , &m)} of 

functions of (x) for (a) in a corresponding neighborhood of (a’), then t > the number 
k of parameters in a complete set for { f}. 


Proof. According to Lemma 10.1, the number of parameters in a complete 
set for {g} > k. Since it necessarily < ¢, we infer that k < ¢, as was to be proved. 
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ASYMPTOTIC DEVELOPMENTS OF CERTAIN INTEGRAL FUNCTIONS 


By Cuieora G. Fry anp H. K. HueHes 


I. Theorems of Ford and Newsom 


1. Introduction. In several papers extending over the years 1904-08, E. W. 
Barnes (see especially [1]) determined the asymptotic behavior in the neighbor- 
hood of the point at infinity of a number of analytic functions defined by their 
Maclaurin developments. Moreover, several investigations of a similar nature 
have been made very recently by E. M. Wright [5], [6], [7]. The work of Barnes 
and Wright, in each instance, consists largely of a detailed study of the particular 
function considered. On the other hand, W. B. Ford [2; 4-15, 30-37] and C. V. 
Newsom [4] have recently established certain theorems which are general in 
character and which may be applied to a variety of different functions. In 
fact, they may be used to obtain the asymptotic developments of several of the 
specific functions considered by Barnes and Wright. 

The present paper presents an application of the theorems of Ford and New- 
som. A certain extension of Newsom’s theorem is first stated, the proof being 
omitted. We then proceed to determine the asymptotic developments of the 
general integral function 


(1.1) F.(s) = > nine (a > 0), 


where / is any constant, real or complex, and where the function h(n) depends 
only on n and satisfies certain further conditions. This work constitutes Part II 
of the paper. In Part III, we apply the theorem obtained in Part II to the 
special function 


— z" a 
(1.2) E,(z, 6, B) - x (n + 6)? (an rs 1) ( > 0), 





where @ and § are any constants, real or complex, except that @ cannot equal zero 
or a negative integer. The asymptotic developments of both the functions given 
by (1.1) and (1.2) have been discussed by Ford for the special case in which 
a = 1. His results are, in fact, a special case of those obtained in Parts IT and 
III of this paper. 

The most recent work on the function (1.1) appears to be that of Wright [5]. 
We shall refer to it later. Barnes has investigated the function (1.2) under the 
condition that @ is not an integer. 


Received April 9, 1942. 
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2. Statement of theorems. The general results of Ford and Newsom cited 
in $1 may, for our present purpose, be put in the form of two fundamental 
theorems which we now state without proof. These theorems provide the start- 
ing point of our investigations. 


THEOREM |. Suppose that the coefficient g(n) of the power series 


(2.1) f2 = DL gm)z 


with infinite radius of convergence may be considered as a function g(w) of the 
complex variable w = x + ty and as such satisfies the following two conditions when 
considered throughout any arbitrary right half-plane x > x» : 

(a) it is single-valued and analytic; 

(b) for all values of | y | sufficiently large, we may write 


(2.2) | g(a + ty)| < Ke"*?'™, 


where y is a number such thatO0 < y < 1, € is any positive number, and K is a 
constant dependent only on € and x» . 

Then the function f(z) defined by (2.1), when considered for values of z of large 
modulus lying within the fixed sector yr < arg z < (2 — y)m, ts developable asymp- 
totically in the form 


(2.3) f(z) ~ — LE o(—n)z™. 
n=1 
Moreover, in case conditions (a) and (b) are satisfied except that g(w) has a 

singularity situated at the point w = w, , where w, is not a negative integer, then 
(2.3) continues to hold, provided the loop integral 

1 w)(— 2)” 
(2.4) J [ POC Daw 

2iJe sin rw 


is subtracted from the right number. The loop C surrounds the point w, and extends 
to infinity in any convenient direction. (For full description of the loop, see {2; 9}.) 


THEOREM II. Let condition (a) of Theorem I remain as stated, while condition 
(b) is replaced by a new condition (b’) wherein (2.2) is changed to read 


(2.5) | g(a + iy) | < Ke“"™*?"™, 


where k is a positive odd integer. Then the function f(z), when considered for values 
of z such that | arg z| < 2, may be expressed in the form 


= * U 
sin bez dx — pm g(—n)z-" + &(z, J), 


sin rx — 


(2.6) f(z) = ® g(x) 2" 
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where l is any positive integer, and where the function £(z, 1) satisfies 


(2.7) lim zz, J) = 0. 7 

We note that Theorem II does not furnish complete information on the 
asymptotic development of f(z), because of the presence of the integral in the 
right member of (2.6). We may also remark that if k is an even integer, then 
the expression z” occurring in (2.6) becomes (—z)”. In the applications which 
we make of Theorem II, k is always an odd integer. 


3. Extension of Theorem II. It can be shown that if conditions (a) and 
(b’) of Theorem II are satisfied except that g(w) has a singularity situated at the 
point w = w, , where w, is not a negative integer, then the theorem continues 
to hold provided one subtracts from the right member of (2.6) the loop integral 


(3.1) | =. aoe 


2i Jc e***” sin rw 


where the loop C surrounds the point w, and extends to infinity in any convenient 
direction lying in either the third or the fourth quadrant. If k is an even integer, 
then the expression z” appearing in (3.1) is to be changed to (—z)”. Ford 
[2; 36] has proved this assertion for the special case in which k is unity. The proof 
of the general case, recently obtained by one of the present authors, is expected 
to appear in detail elsewhere and will not be given here. 


II. The Function F,(z, ¢) 


4. Properties of the coefficient. As was stated in §1, Part II of this paper 
will be devoted to the determination of the asymptotic developments of the 
general function 


7 h(n) ‘ 

~ Pole 0 = 2 Ten +0 * 
where ¢ is any constant, real or complex, and a > 0. We shall now impose on 
the function h(n) such conditions as will make the two fundamental theorems 
stated in §2 applicable to the series appearing in (4.1). Let h(n) be considered 
as a function h(w) of w = x + iy, and let us suppose that, when considered 
throughout any arbitrary right half-plane x > 2, , it satisfies the following two 
conditions: 
hw) 
(aw + t) 

(B) the function h(w), when considered for values of w of large modulus, can 
be expressed in the form 





(A) the function g(w) = is single-valued and analytic; 
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ca c, + daw, _) 
(4.2) A(w) = & + aw “3 t = Y oe + i)(aew + t+ 1)--- (aw+t+ s)’ 
where cy , ¢; , -** are independent of w, and where 6(aw, s) is such that lim 


d(aw, s) = 0, s = 1, 2, 3, - | 
It then follows that for all x > x, and for all | y | sufficiently large we may 
write 


h(w) (awr/2+e) ly! 
(4.3) | hl +0 < Ke ; 


where ¢ is any positive number chosen in advance, and K is a constant dependent 
only one and z,. For the property of the gamma function used here, see [2; 61]. 
Hence Theorem I of §2 is applicable to the series (4.1) whenever 0 < a < 2. 
Moreover, Theorem II is applicable when a@ has any positive value, k being 
suitably chosen as indicated in the next section. 


5. The improper integral. If k is selected as the smallest odd integer such 
that 2k > a, then, upon applying Theorem II of §2 to the function F ,(z, t), we 
obtain the relation 


. ei NnG h(x)z* sin krx 7 h(—m)z™ 
6.1) F(z, ) = he New + Genes" > fe- en? 8% 





where | and £(z, 1) are described in the statement of the theorem. We now 
undertake to determine the asymptotic behavior for large | z| of the integral 
appearing in the right member of (5.1). In what follows, the expression z'’* 
x e’*'”* is prominently involved. We shall denote it by Z, ; thus e”* will mean 
exp (z2'’“e’"'*’*), ete. For our present purpose, we shall establish the following 
lemma. 


Lemma. Let the function h(w) satisfy conditions (A) and (B) of §4. Then, if 
a > Oand I' is a sufficiently large positive number, we have 


(5.2) <n OE mw ¢ 7 
ms 7 . | 
\0; hn < | argz| <7, 
where the c; are those appearing in (4.2). 


The conclusion for | arg z| < 4 has already been established by Ford. In 
order to show that the integral vanishes for | arg z| > $7, when |z| — @, as 
indicated by the second conclusion, we first note that the function h(z/a) is 
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bounded along the path of integration. Consequently, the integral in question 
may, for the purpose, be compared with the expression 


1-t Ss zdx 
or eee ge pe =a l’ 1 pow t. 
' ie I(x + 1) + 
But if L is the greatest integer in the real part of l’’, we have 
1-t - 2°dx eae OO : 
’ rs tok le’ + n(z, L)); | argz| <x, 


where lim z”n(z, L) = 0. For proof of this statement, see [2; 65, (10) et seq.]. 


lz|-@ 


Also for proof of the first conclusion of the lemma, see [2; 67, (19)]. The function 
h(x) there appearing is the same as that denoted by h(x/a) in (5.2) above. 
Since e’ vanishes as | z | —> © whenever the real part of z is negative, the conclu- 
sion stated in the lemma for | arg z| > 432 clearly follows. 

Having established the preceding lemma, let us now, in (5.2), replace z by 
az, l’ by 1 + 4, and z by Z,. Then we obtain the relation 


l 1-¢ . an 
- _ WG) ae Oa) Dol), 
(5.3) / ee gO de mw . 
-l-} T(ax + t) 
0, 


the first result holding when | arg z + 2x4 | < $a, and the second otherwise. 

We are now able to write the asymptotic development of the integral in ques- 
tion, namely, that appearing in the right member of (5.1). For, upon taking 
account of the identity 


sin krx aa 2 Qrips i 
sin rx al? ; ti as, 
and applying (5.3) to the separate terms, we have 


[ h(x)2* sin krx 


(5.4) 1-4 T(ax + 2) sin xz 





az ~1> ey SS ex(Z,)""}, 


where the symbol }> denotes summation taken over those integral values of 
nm 


for which | arg z + 2mu| < }2a. 
When 0 < a < 2, the value of k is unity, and the sum in (5.4) consists of a 
single term, that one in which » = 0. Thus when | argz| < }2a, we have 


x h(x) z* a (1=-t)/a@ vast -n/a 
(5.5)  # Tar + dz a? exp 2 p> aes 


6. Asymptotic developments of F',(z, t). The results in the previous section 
having been established, we shall now obtain the asymptotic developments of 
the function 
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(6.1) F(z, ) = >} ——— (a > 0), 


where ¢ is any constant, real or complex, and where the function h(n) satisfies 
the conditions named in §4. We prove the following general theorem. 


THEOREM. Consider the function F ,(z, t) defined by (6.1). If the function h(n), 
when considered as a function h(w) of w = x + ty, satisfies conditions (A) and (B) 
described in §4, then F ,(z, t) has the following asymptotic developments: 


(i) o< a < F. sma < argz < (2 — 3a)z. 
. = hi—n) 
6.2 F.(z,0~ - >=” 
(6.2) ) » Tt — on) 
(ii) 0 <a < 2; |argz| < $a. 
] l —t)/a (a . —~n/a@ 
(6.3) F(z, t) ~ — 2°"?/* exp (2°) D> a2", 
a n=0 
where the cy , ¢, , «++ are those appearing in (4.2). 
(iii) 0<a <2; arg z| = }ma. 


’ ] t)/a a - n/a - h(- n 
(6.4) F(z, 0~ . i exp (z' ) > ¢.# _ > = al 
n=0 " 1 a 


(iv) a > 2; arg z| < fm. 
(6.5) F(z, )~2 30 fe* 2°? Ye. (Z)"}, 
as“ n=0 


the first summation being taken over those integral values of u for which 
larg z + 2mu| < }ma. 


In order to establish (6.2), we note that the function 


h(w) 
yw) = = 
(aw + 2) 
satisfies conditions (a) and (b) of Theorem I, §2, where y = 37a. If we apply 
this theorem, (6.2) follows at once. 
To obtain (6.3) and (6.4), we first note that since 0 < a < 2 andk = 1, 


equation (5.1) takes the form 
j h(ax)z* — h{—m)z ” 
(6.6 F(z, = | dx — t(z, l), 
— } Jii-3 (ax + t) . > I(t — am) + § ) 


ls; 


where we have lim z’&(z, 1) = 0, and | arg z| < x. If we replace the integral 


appearing in the right member of (6.6) by its asymptotic development as given 
by (5.5) and write the resulting relation in asymptotic notation, we have (6.4). 
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To obtain (6.3), we have only to factor the expression exp z'’* out of the right 
member of (6.4) and then confine arg z to the narrower range | arg z| < $a. 
For since exp (—z’’*) approaches zero as | z | — ©, when arg z is so restricted, 
(6.4) immediately reduces to (6.3). A similar argument employing (5.4) will 
lead to the result given in (6.5). 


7. The function E,(z). It is worthy of note that, if in the theorem of the 


previous section we set h(w) = t = 1, we obtain immediately the asymptotic 
developments of the special function 

¥ wo 2" 

E.(z) = 1 


= Tan + 1)’ 
These well-known results were first established by Mittag-Leffler [3]. 


8. Remarks and generalizations. It is desirable to add some supplementary 
observations relative to the general theorem which was proved in §6. 

We note that in order to secure simplicity of statement, condition (A) of $4, 
relative to the coefficient g(n), was made unnecessarily restrictive. In case 
condition (A) is not satisfied but, instead, the function 


h(w) 

(8.1) g(w) = Tew + 0’ 

while still remaining single-valued throughout the halfplane x > 2, , has a 
singularity situated at the point w = w, , which is not a negative integer, then 
the theorem continues to hold provided one subtracts from the right member of 
(6.2), (6.3), (6.4), (6.5) the appropriate loop integral, as called for by Theorem I, 
§2, or by the extension of Theorem II obtained in §3. If the singular point w, 
is a negative integer, say —m, then in (5.1) the term —g(—m)z™™ appearing in 
the right member is to be suppressed, and in its place is to be supplied the 
proper loop integral about the singular point. Finally, whenever the singular 
point w, is polar in character, the corresponding loop integral is equivalent to 
the residue of the function 


. mg(w)2” 
(8.2) oo gre 
sin rw 
at w, , where in (8.2) k& is to be assigned its proper value. The extension of the 
above remarks to the case in which more than one singular point is present is 
obvious. 

As a second restriction, we have kept @ real and positive. The methods which 
we have employed are, however, still applicable in case a assumes complex values 
having positive real part. 

As was mentioned in §1, the function F(z, ) has been studied recently by 
Wright. The conditions which he has imposed on the function (8.1) are equiv- 
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alent to conditions (A) and (B) of §4 above. The asymptotic developments 
(6.1)-(6.5) are obtained, though they are expressed in a briefer form. The case 
in which the function (8.1) has a finite number of poles is included, but no men- 
tion is made of the case in which a singular point is non-polar. Thus the present 
paper, based on the theorems of Ford and Newsom, obtains all the results 
obtained by Wright, together with the additional point just mentioned. 


III. The Function £,(z, 0, 8) 


9. Properties of the coefficient. As an application of the theorem obtained 
in Part II, together with the remarks made in the first paragraph of §8, we now 
find the asymptotic developments of the special function denoted by Barnes as 
E.(z, 6, 8), namely, 


© n 


(9.1) E,(z, 6, B) - »» T(an + o 4 6)” 


where 6 and @ are any constants, real or complex, except that @ is not a negative 
integer. Evidently we may write 








(9.2) E,(z, 6, 8) = > ety 
where 

_ Ta@n+6+1) 
“1 MO) = Teen + In + OF 


The coefficient of 2" in (9.2), when considered as a function of w = zx + ty, is 
single-valued and analytic throughout the finite w plane except for the singularity 
at the point w = — 6. Moreover, it can be shown that h(w), when considered 
for values of w of large modulus lying in the arbitrary right halfplane z > 2 , 
can be expressed in the form 





: qi Qe on 
(+astaat+aaretteiest 


4 Qn + S(aw, n) \ 
(aw + B + law + B+ 2)--: Qw+8+n))’ 


where the quantities q,, g2, - - - are independent of w, and where lim 6(aw, n) = 0. 


|lwl-a 


h(w) = a 
(9.4) 





The proof of this fact follows with slight modifications (due to the presence of 
a) the proof of a similar statement appearing in the work of Ford [2; 69]. As 
for the values of the q’s, they may be calculated as follows: Let 
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Then we have 


(9.5) Qusi = lim [(ew)""'R,(w)]. 


lwl-@ 


10. The loop integral. Inasmuch as the function 





gt h(w) 
a) = Tew + 8 +1) 
satisfies conditions (A) and (B) of §4, we may apply the general theorem of §6 
to the function F(z, 6, 8). Because of the singularity at w = — 6, there must 


be subtracted from the right members of (6.2)-(6.4) the loop integral 


(10.1) I.(2, 0, 8) = 2: fe 


2i J. Taw + 1)(w + 6)’ sin ew 





In the case of (6.5), the integral to be subtracted has the additional factor e***” 
appearing in the denominator of the integrand. In order to determine the com- 
plete asymptotic development of F(z, 6, 8), we must first find such a develop- 
ment for the above loop integral. 

Let us agree to take the loop C as extending to infinity in a direction of the 
third quadrant. Then, if we make the transformation w’ = — (w + @) and then 
drop the primes, the two integrals under consideration take the forms 








_ (-2z)* (— z)"(—w) *dw 
003 L4- ~= [ li-w-@Geeewte  *<% 
(10.3) Ie(2, 0, 6) = = nt Ne ca ae ae 


2 » Tl — aw — a) sin r(w + 8) 


The new loop 7 now extends to infinity in a direction of the first quadrant. 
Now if @ is not an integer, or if both @ and a@ are integers, then the following 
series developments exist and are convergent in the neighborhood of w = 0: 








enka Td — aw — = sine + 7 te)" acl 
gh Dettar+h o im 
(10.5) T(1 — aw — a6) sin xr(w + 8) 7 p> b.(—w) (a 2°2). 


Under these conditions, the asymptotic development of J,(z, 8, 8) is given by a 
theorem due to Barnes, and included, together with numerous applications, in 
the work of Ford. For the statement and proof of the theorem, see [2; 16-22, IT). 
According to this theorem, we have 





-6 — A, 
(10.6) a(t, 0, B) ~ — (— 2)" 2 eee ng may 
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where A,, is equal to a, or b, according as a < 2 or a > 2, and where log(—z) = 
log |z| + 7i(@ — r);}0 < @ < 2x. For the definitions of a, and b, see (10.4) and 
(10.5). Thus, (10.6) furnishes the required development under the conditions 
stated concerning @ and aé. 

If @ is an integer and a@ is not, then developments (10.4) and (10.5)-are not 
possible, and (10.6) does not hold. However, when @ is an integer, sin r(w + @) 
reduces to (—1)*sin rw, and (10.2) may be rewritten in the special form 


6 


Zz / ; (—2z)°"(—w) *"' aw 


= — — “7 — dw. 
2mi J, sin rw T(1 — aw — a 


(10.7) I ,(z, 8, B) 





Moreover, (10.3) may be rewritten in a similar manner. Now there do exist 
power series, convergent in the neighborhood of w = 0, such that 


=) 


rw 
0.8 ee SES —w)" 2); 
(10.8) (1 — aw — aé) sin rw > d,(—w) (a < 2) 
yo (F-1) ee oo 
(10.9) en een = , e,(—w)" (a > 2). 


rl —aw—ad)snzrw = 
Hence we may again apply the theorem of Barnes and write 
D, ro 

x=» [log (—z)]"* rl + B — n)’ 
in which D,, is equal to d, or e, according as a < 2 or a > 2, and where log(—z) 
is to be interpreted as in (10.6). 

It is to be noted that, if 8 is an integer, then both (10.6) and (10.10) reduce 
to finite series, since the function 1/T(8 — n) vanishes when n > 8. The loop 
integral I, (z, @, 8), of course, reduces to a residue in such a case. 


(10.10) I ,(2, 6, B) ~ —2Zz 4 





11. Asymptotic developments of /,(z, 0, 8). We shall now obtain the asymp- 
totic developments of the function F(z, 6, 8) defined by (9.1). The develop- 
ments will involve the constants q, (n = 1, 2, 3, ---) appearing in (9.4), as well 
as the constants A, and D, appearing in (10.6) and (10.10), respectively. More- 
over, the specific form of some of the terms depends on whether or not @ is an 
integer. We shall establish the following 


THEOREM. If @ is not an integer, or if both 6 and a@ are integers, then, for values 
of z of large modulus, the function E,(z, 0, 8) defined by (9.1) has the following 
asymptotic developments: 


(1) O< a <2; Sam < argz < (2 — }a)z. 


E.(z, 6, B) _— _“ ones = 
(11.1) n=1 TCL — an)(@ — ny’ 


ar A, 
+ (—z) [log (—z))""' _ : . 
p> [log (— z)|" T'(B — n) 








ASYMPTOTIC DEVELOPMENTS SO] 


(ii) 0<a < 2; arg z| < }an. 
(11.2) E,(z, 0, 8) ~ af" 2°" exp 2'”° y ¥ ac? 
(iii) 0<a <2; arg z| = jar. 





E.(z, 0, B) ~ 
2 (1 — an)(@ — n) 


© 





(11.3) + a?" 2 ’* exp 2'* > ge" 
; inci eae A 
+ (—z)™* [log (— 2)" Do i 
= [log (—z)]" T(@ — n) 
(iv) a > 2; arg z| < fm. 
(11.4) E,(z, 0, B) ~a°" Di fe" Z," 0) Z,"}, 
“ n=O 


where the first summation is taken over those integral values of wu which satisfy the 
inequality | arg z + 2xu| < jan. 
Moreover, if 6 is an integer while a@ is not an integer, then (11.1) becomes 


~ 


E.(z, 6, 8B) ~ F = 
2X r'(1 — an)(@ — n)’ 





(11.5) 
. D 
+ 27° [log (—2)]" Seen 
llog (— 2)) 2. ios (care r(l + 8 — n) 





while (11.3) becomes 


E.(z, 6, 8) ~ >’ ——— 
2 r(l — an)(@ — n)’ 
(11.6) +d" CP" end 2 65 
ac D, 


+ z° [log (—2z) rr — 
| 2 llog (—z))" TU + 8 — n) 


where >.’ means that the term n = 6 is deleted from the sum. Developments (11.2) 


and (11.3) remain unaltered. In all the determinations, if z = re’®, then log(—z) = 
log r + i(@ — mw), whereO0 < @ < 2z. 


In fact, the above asymptotic developments are obtained from (6.1)-(6.5) upon 
replacing ¢ appearing there by 8 + 1, c, by ag, , and then subtracting from the 
right-hand members the appropriate development of the loop integral /,(z, @, 8) 
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as obtained in §10. In the case of (11.2), (11.3) and (11.5), the final form is 
obtained by factoring the expression exp(z’’“) out of the algebraic and logarithmic 
terms, and noting that exp(—z'’*) approaches zero as z > ©. 

Developments (11.1)—(11.4) were first obtained by Barnes, and appear in 
[1]. However, developments (11.5) and (11.6) do not appear. They could 
doubtlessly be obtained by a proper extension of Barnes’ analysis. 
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THE ABSOLUTE CONVERGENCE OF FOURIER SERIES 
By Min-Texn CHENG 


1. Introduction. In this note we suppose throughout that the functions f, , 
f, and f are integrable and periodic with period 27. f(z) is said to be a Young’s 
continuous function [9], if there exist two functions f, and f, of the Lebesgue 
class L?(—-x, 1), satisfying 


fa) =1 [pepe + 2) ae. 


The necessary and sufficient condition for the absolute convergence of a trigono- 
metric series in the whole interval is that the series be a Fourier series of a 
Young’s continuous function [3], [4]. One object of this paper is to obtain 
Young’s functions with conditions imposing more on f, and less on f,. Indeed, 
we shall prove 


THEOREM 1. Jf f, e Lip (a, p), ap > 3,2 > p> 1, aa < landf, e Lip (1/2p, 


q) for q > 1, then the Fourier series 


jt) =* [pele + 2) ae 


converges absolutely in the whole interval. 


The notation ¢ e Lip (a, p) means that 


(1.1) ([ | be rae)” = O(h*) 


as h — + 0 and Ag denotes one of the three differences [5] 
¢(8) — 9(6 — h), o(8 + h) — 98), o(6 + h) — o(@ — h). 
If f(@) e Lip (a, p) and 


(1.2) 10~ dX ce, 


m=—@ 


then the series 


(1.3) 2 |el’ 


is convergent fork > p/(p + ap — 1), if 
0<a<l, l<p<2. 
Received April 15, 1942. 
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This is known as the theorem of Titchmarsh [8] and is a generalization of a 
theorem of Szasz [7]. The original result in this direction is due to Bernstein [1]; 
this result shows that the Fourier series of a function of Lip a (> 4) is absolutely 
convergent. Various extensions are known [2], [6]. 

If ap > 1, then p/(p + ap — 1) < 1. Therefore, Titchmarsh’s result involves 
absolute convergence in this case. We can, however, establish 

THreorEM 2. Jf 1 < p < 2,€ > 0, and, ash — + 0, 


(1.4) / | Af |" dé = Ofh(log h')"”~‘}, 


then the Fourier series of {(@) 7s absolutely convergent. Moreover, the positive 
number € in (1.4) cannot be replaced by 0. 
The first part of this proposition is contained in 


THEOREM 3. Ifa > 0,1 < p< 2, and,ash— + 0, 


| Af |’ dé@ 
(1.5) ies 
= O(h(log, h™')""(log, h™')”” «++ (logy_, h~")"(log, h-")>“'**”’), 
then, for T < at p' — |, the series 


(1.6) >”’ | en | (log, | m |)" 


is convergent. 
The notation log, x means log (log,_, x) and log, x = log zx. b hogy denotes the 
summation for m, where the terms containing 
log,-, |m| > 0 (n = 1,2, --- , k) 
are omitted. If k = 1, we have 


THEeorREM 4. Jf a> 0,1 < p < 2, and, ash — + 0, 


(1.7) [ Af |” dé = O(h(log h')"'~*”), 
then, for T <at+p ' — |, the series 


© 


(1.8) ig c, | (log | m |)" 


converges. ‘¢ By denotes summation for m, with the term corresponding to m = 0 
omitted.) Further, the series 


o 


>’ | en | (log | m |)” 


—-o 


with T, = a+ p'' — 1 may be divergent. 





m 
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The following theorem is an immediate consequence of Theorem 2. 
THeorEM 5. If f(x) e Lip (a, p), p < 2, ap = 1, and 
(1.9) Af = O((log h™')~’) (0 < x < 2rn), 
where b > 2/(2 — p), then the Fourier series f(x) converges absolutely. 


In fact, let p. > 2 > p; then Hélder’s inequality give 


p2x Qe (pa-2)/(pa-p) 2 \a@ p)/ (pap) 
(1.10) Af |? dx < \ | | Af |? ax' { | Af |”* dx? 

“0 \"O / \ 0 
Setting p. = ©, we have 
(1.11) [ | Af |? dx = O(h(log h"')’°~”). 


The required conclusion follows from Theorem 2, since b(2 — p) > 2. 
The functions of the class Lip (1, 1) are of bounded variation. Zygmund [10] 
proves that “if f(a) is of bounded variation and satisfies 


|Af| < clog’? "h" (7 > 0,0 < 2x < 2n), 


then the Fourier series f(x) converges absolutely’. This is obtained by putting 
a = p = 1in Theorem 5. The example f(x) = >> (sin nx)/(n log n) shows that 
the theorem fails if 7 = —1. But the question whether the theorem is valid for 
the case 0 > » > —1 remains open. 

The arguments of the present paper are based on the inequalities of Hausdorff, 
by means of which we obtain incidentally a simple proof of Titchmarsh’s theorem. 


2. A simple proof of Titchmarsh’s theorem. Let 1 < p < 2,1/p+1/p’ = 1. 
The theorem of Hausdorff states that, if the series > c, |” is convergent, f(@) 
belongs to L”’, and that, if f(@) belongs to L”, the series > c, | is convergent. 
The corresponding theorem for the functions of Lip (a, p) is required for our 
proof of Titchmarsh’s theorem, and may be stated as follows. 


Lemma l. Let 1 <p <2,p'+p'' =1,0<a< 1. If the series 
i i I 


| a Dp 
> |C,m~ | 


is convergent, then f e Lip (a, p’). If f e Lip (a, p), then >> | c,,m*' |”' (a’ < a) 
converges, but the series 


} ie lcm |?’ 
may be divergent. 
The last clause of Lemma 1 can be verified by the function [5; 632] 


f(0) = | 61°, (a+ 1)p> 1. 
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This function belongs to Lip (a, p) with a = 1/p — a, but the Fourier constants 
are of the exact order | m |*"'. Accordingly, the series 
> |eam* |? > AD (|m|'**”" = AD | mf 
diverges. 
The convergence of >> | c,,m* |” implies 
(2.1) Ym = >, | enm |? = O(n?-°”). 


-n 


From 
Af(0) = f(@+ h) — f(i@—h)~ 2d > c,, ec” sin mh, 


it follows, by (2.1), that 
1 ® ‘ p/p’ @ 
= | | af |’ ae) < 2°(>> | c,, sin mh |”) 


<2 > |eml?+ Dd |c./7 


him(|<sl 1<him 


< AlWyin-) + DE ym(m™ — (m + 1)”) = Oh); 


<hm 


hence f(@) belongs to Lip (a, p’). 
To prove the second part of the lemma, write 





afi free y", 
(2.2) 4(h) -(2/ las?ae) ; 
then (h) = O(h*” ), by hypothesis. Hence the integral 
(2.3) [ Se 


exists fore > 0. Put 





yh) = —L— | c. |’ | sin mh |’; 


lala li 


then the inequality 


2s «© 
&(h) = (2 f | Af |? ae)?” > 2” >> | c,, sin mh |” 
2a 0 —@ 
implies the existence of the limit 


2s n ; Qe rr Ip’ 
tim J ¥408) dh = im | cn” [SIL al 
i) & ' 


no rao -—n 





th 


0 
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since (2.3) is finite. There is a positive constant A satisfying 


2r . p’ 
[tein mkl ok > A | mor (| m| > 1). 
0 | elt aah 
Hence the series 
(2.4) Rial tat 


is convergent. This completes the proof of the lemma. 
To demonstrate the theorem of Titchmarsh, we may obviously suppose that 


, 


P_.l_P _<, <P. 
ptap—1 1+ap’ a= 


then letting (ak — «)p’/(p’ — k) > 1, € > 0,8 = ak — «, we have 





Yeni = Len || m lH m 


(2.5) 2 
SQier iar gia, 


The last series of (2.5) is convergent, since 





-*) 





Further, observing 
sp’k' = (ak — ©)p’'k™' = ap’ — ¢ (e = p’k'e > 0), 


the convergence of >- | c,, |* follows from the second part of Lemma 1. 


3. Proof of Theorem 1. We require the following lemmas. 


Lemma 2. If f(x) e Lip (a, p),O << a<sl,g>p>il,a— 1/p+1/q>0, 
then 


f(x) e Lip (a — p'' + q", 9). 
Lema 3. If f e Lip (a, p), thenf e L’. 


Lemma 4. If fe Lip (a, p), p> 1,1 >a>0,f(0) ~ > ce", thenc,, = 
O(| m |“). 


These three lemmas are given in [5]. 
The existence of the integral 


[siete + 2) a 
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can be seen by Hélder’s inequality. In fact, from Lemma 2, we have 
fieLip(a—p'+r',r), fee Lip (2"p' —q'+s",s), 
where p < r < 2pands < 2p/(2p — 1). By Lemma 3 we have 
i,<L”, oer. 


Let 
£. es _ -. pA tad  % 7”. 
Then 
f(x) ~ > CnOne”’. 

Then 

N N N 

7 lek. £42. tan” PI's. ttn Py. 

-N —-N —N 


If we choose a’ such that a > a’ > 1/2p, then the right side of the above inequal- 
ity is bounded, as N — ©, by Lemma 1 and Lemma 4. Theorem | is thus 
proved. 


4. Proof of Theorem 4. To prove Theorem 4, we appeal to the function 
@(h) of (2.2). First, we prove two lemmas. 


Lemma 5. The existence of the integral 


_— a p’\-1 -} (a+R)p’-—e 
(4.1) J = [ @(h)(h” ) log h dh 


(«>0,R =p — (p’)' > 0) 


implies the convergence of the series 


(4.2) Do’ | Cm |” | m |” ~*(log | m [)‘**?"~*. 


In fact, from Hausdorff’s inequality, the existence of the integral (4.1) implies 
that of 


25 


(4.3) lim >> | c, |” | | sin mh |? (h?’)~* | log h™* |““*?'~* dh. 
Now the integral in (4.3) for | m| > 0 is greater than 


x/4m 
[ sin mh |” (h”)~*(log h7')‘**”'~* dh 


i x/A\m 
> (29') | m |” / (log h7')‘**™”"~* dh 


er e 


> A|m|?~‘(log | m 





ar 


al- 
us 


on 


0) 


lies 





CONVERGENCE OF FOURIER SERIES 809 
Therefore, (4.2) is convergent, since (4.3) exists. 
Lemma 6. Jf f(@) satisfies (1.7), then the integral (4.1) exists. 


Let 0 < 6 < 2z, and write 


— 
II 


, 2 
[ @(h)(h” ) "(log h7')“*FO”~* + / &(h)(h?’)~* | log h=" |**®?"-* 
; F 


JI:+J2. 


Evidently, J, = O(1). And 


3 

o( | Co ee in) 
6 

o( | h-"(log h-")-*~* an) = O(1) 


since &(h) = O(h” “(log h™')-? “”-*” ), by (1.7). 
To prove the first part of Theorem 4, we write 


J, 


II 


>’ | en | (log | m |)” = >>’ |e, | | m|?’'-?”’ (log | m |)**7| m |7'”?(log | m |)7. 
By Hdélder’s inequality, the right member is not greater than 
[do | em |?” | m |?’~*(log | m |**™?")”'TS | m |-*(log | m |)-*7]'”. 


IfT<R+a-— 1/porR+a-— T > 1/p, then we can choose a positive 
number ¢ such that S = R + a — T — € > 1/p, so that 


(S+ T)p’ = (R+a-— e)p’ < (R+a)p’. 
Therefore, yy lc, | (log | m |)” converges for T < R + a — 1/p, by Lemma 5 
and Lemma 6. 
The following example suffices to prove the second part of Theorem 4. Let 
1<p<2,b>0,ap > 1, (6 — a)p> —1, and 
f(0) = (log | @|"')*(1 — | @])’. 
Then we have 


® 


[ | Af |? dé = [ f(0 + h) — f(@ — h) |? dd = Ofh(log h"')™”). 
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Put ap = 1 + ap; thena = a — 1/p > 0,sinceap > 1. Letc,, be the Fourier 
coefficient of f. We have 


ancy = / (1 — | @|)*(log | @ |"*)-*e'"" de 


m™* / (1 — | @m™ |)*(log | @m™* |)~*e"* de 


Il 


m™*(log | m |)~° / (1 — | 6m" |)°(1 — log | @ |/log | m |)~*e"** dé. 


Hence there is a positive constant A such that 
| en | > A | m|~"(log | m|)~*, 
so that 
| Cm | (log | m |)***~"”? > A | m|~'(log | m |)***"'”-* = A(| m| log | m|)™ 


This completes the proof of Theorem 4. 
If we put a = 1 in the foregoing example, the second part of Theorem 2 
is proved. Theorem 3 can be proved with similar arguments. 
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THE CALCULUS OF VARIATIONS IN ABSTRACT SPACES 
By H. H. Goupstine 


The classical non-parametric problem of the calculus of variations deals with 
ares defined by functions y,(x) (p = 1,2, --- ,m). In the present paper we allow 
the parameter p to range over a quite arbitrary set 8, and seek conditions that 
an are y,(2) render an integral of the form 


r= | fle, v2), y'@) dx 


a minimum in a class of admissible ares. It is shown that this more general 
problem has a theory as complete as that of the classical problem. In a sub- 
sequent paper the author will take up the problem of Bolza in this general 
environment. In the first six sections, analogues of the familiar four necessary 
conditions are obtained. In §7 the sufficiency proofs are made, and in §8 the 
relation beteen conjugate points and the positiveness of the second variation is 
discussed. 


1. Formulation of the problem. We shall use the notation ® to represent 
the set of real numbers, $ an arbitrary class of elements p, and &, an arbitrary 
Banach space of functions v on $ to R. It will be supposed that (MR, VB, B)_ isa 
region of the composite space (MR, VB, B) of sets (r, v, w) and that f on (MR, B, B)o 
to ® is a function of class C'’ uniformly on (R, B, B)o . See [4], [5], [8]. An 
admissible arc y(x) is a continuous function y on (x, , x.) to B which consists of 
a finite number of pieces on each of which y’(x) = 6,y(2; 1) exists and is con- 
tinuous [5; 164] and such that each set (x, y(x), y’(x)) is in the fundamental 
region (R, B, B), . An admissible variation is a function on an interval (x, , 72) 
having the continuity and differentiability properties of an admissible arc. 

Our problem may then be formulated as that of finding in the class of admissible 
ares joining two fixed points (x, , y,) and (x. , y2) one which minimizes the 
integral 


(1.1) (Cc) = [ tte, y(x), y’(x)] dex. 


To carry through our analysis we shall suppose that there exists a mapping 
(v, | pe B) of $ onto a bounded subset B, of B such that the linear extension of 
%, is dense in B, the limits being taken in the Moore-Smith sense; i.e., to each 
vin ¥ there corresponds a set of real numbers a,, , where + is a finite subset of 
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¥, such that v = lim >> a,», , it being understood that a, = (a,,| pe). It 


T qer 
is also assumed that f(x, y + av,, y’ + by,) is in B for a, b sufficiently small. 
Calculating the first and second differentials of the functional (1.1) along the 
minimizing are F we find that the relations 


1a) = | {8S le, v@), ¥'@); 2) 
(1.2) om 
+ 6, fix, yr), ya); 0’(a)]} dx = 0, 


Loa) = | 82,f 2, v2), y’(@); n(@), a2) 


71 


(1.3) + 282,-f lx, yx), y’(@); nz), 1'(2)] 


+ 8), f (x, y(x), y’(x); n(x), n'(x)}} dx > 0 


hold for all admissible variations 7 which are such that n(2,) = .(x) = 0, , the 
zero element in &. 


2. First necessary conditions. If in the equation (1.2) one replaces n(x) by 
the special variation »,¢(x), where v, is an arbitrary member of the family de- 
scribed directly below (1.1) and ¢(x) is a real-valued function vanishing at z, 
and x, , the well-known fundamental lemma of the calculus of variations shows 
that there must exist ac = (c,) on $ to R such that the equation 


(2.1) 6, f(x; »,) = [ kduudde+ << 


holds at each point of a minimizing are, where the symbol 64, f(x; v,) is an abbre- 
viation for 6, f(x, y(x), y’(x); v,) and 6,. f(x; v,) has a similar meaning. It is 
evident that c, = 6,-f(z, ; v,) and hence that c¢, is in &. 


THEOREM 2.1. A necessary and sufficient condition that the first variation I,(n) 
vanish for all admissible variations which vanish at x, and x, is that there exist a 
c in B such that equation (2.1) holds. 


From what has been shown above it is necessary only to prove that this 
condition is sufficient for 7,(7) = 0. Let us observe first that there is a set of 
functions a,(x) = a,,(x), where p ranges over $ and 7 ranges over all finite sub- 
sets of B, such that 

n’(x) = lim +s a,v, 
T per 
because of the density property of the set [v,]. If we multiply both sides of (2.1) 
by a,(x), sum ‘and pass to the limit, we find that the equation 


(2.2) 8, fle; va) = | 8,$ 8; aa) ds + 8, fle, 5 9/2) 


vr 





he 


yre- 
t is 


:(m) 


st a 


this 
t of 
sub- 


2.1) 
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must hold. An analogue of the usual integration by parts shows that 


z 


[ax [ .4(8; 1@) as = [8,485 nla) ds — | 4,400; a2) ar, 


as may be seen by interchanging the order of integration in the left side. It 
follows therefore that 


0= 1) — | 8S 5 9'@) de = Li) 
for all 7 such that n(x,) = n(x.) = 0, , since 


za 


Fe: 6, f(x, ; n'(x)) dx = 6, f(x, ; n(x))) . 


Coro.uary 2.1. If I,(n) is computed along an arc without corners, then I,(n) 


vanishes for all admissible variations such that y(x,) = n(x.) = 0, if and only i 
the equation 


d 
(2.3) dx 6, f(x; v,) 7; 5, f(x; vy) 
holds. 


If the are along which J, is computed has no corners, then clearly equations 
(2.1) and (2.3) are equivalent. 

It is of some interest to calculate J,() along an are E satisfying (2.3) for a 
variation 7 that does not necessarily vanish at x, and z,. To do this we note 
with the help of formula (2.2) and those following it that 


[ 8,f(e; n(xs)) de. 


“2, 


In) = fle 5 n(e))| + 


It follows at once from equation (2.3) and the property of the set v, that d/dx 
5, f(x; n(a.)) = 6, f(x; n(x2)), and hence that 


z 


(2.4) I,(n) = 6,f(a; n(z)) 





2 
71 


CoroLLary 2.2. At each point of a minimizing arc the corner condition 


lim 6,-f[x, y(x), y’(8; »,] = lim 6, f(z, y(x), y’(n); »] 
t<z <9 


must hold for each p in §. 


With the aid of the differentiability hypothesis we see that for each ¢ in B the 
function 83.,- f(x, y, y’; »» , ¢) isin B; and hence that (8)-,- f(z, y, y’;%.$) | peP) 
is, for fixed 2, y, y’, a mapping of B onto itself. If at a point (z, y, y’) this map- 
ping has a reciprocal [8; 145], the point (x, y, y’) is said to be non-singular. An 
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are E is non-singular if it is non-singular at each of its points. Using this defini- 
tion we can state an analogue of Hilbert’s differentiability condition. 


Coro.uary 2.3. Near each non-singular point of a minimizing arc E, which is 
not a corner, the function y(x) defining E is of class C’’. 


To prove this condition we observe that the equation 


Sle, we),0,%) — | as ls, ¥(9), (aim) de — c= 0, 


has an initial solution (2, v) = (x, y’(x)) at which the differential with respect to 
v has a reciprocal. It follows at once from known implicit-function theorems 
(8; 150] that the unique solution v(x) = y‘(x) of this equation is of class C’”’. 


3. The extremals. An are which is of class C” and satisfies the equation 
(2.3) is called an extremal and evidently satisfies the equation 
be S(x,y, y’3 1, ») + 8, f(a, y, y's y’, m) + by Sa, y, y's ys Mp) 


a 6, f(z, Y; y’; Vy) = 0, ‘ 


(3.1) 


It is clear that every non-singular sub-are without corners in a minimizing are 
isanextremal. We have then the following imbedding theorem. 


THEOREM 3.1. Every non-singular extremal arc E is imbedded for values x, < 
x < 2, (a, b) = (ay, bo) in a family of extremals y = y(x, a, b) with (a, b) in 
(WB, B) such that y, y, are of class C"’ uniformly on a neighborhood of the values 
(x, dy , bo) belonging to E. At some point x, the identities 


(3.2) y(x , a, b) = a, y.(%,a,b) =b 


are valid. 


8 be the Cartesian product (9), 9), and let ¥ = (B,¥B). The spaces 9) and 3 are 

both Banach spaces of the type A, of Graves, and we may use one of his im- 

bedding theorems [4; 540]. Let F(y’”, z) with z = (y, y’) denote the left member 
r t 

of (3.1) and let H(z, y’’) denote the pair z = (a + b(r — ro) + / [ y’’(s)ds dt, 


“re 


To prove the theorem let 9) be the class of all ares continuous on (2, , 22), let 


b+ / y’'(s)ds), where x = (a, b) and r, is a fixed constant. It is not diffi- 


cult to show that the hypotheses of Graves’ theorem are satisfied and hence 
that there is a solution y’’ (r, a, b) of the equation F[y’’, H(a, b, y’’)] = 0, , which 
is defined on a neighborhood of (ay , bo) = [y(7o), y’ (ro)] and with values in a 








1s 
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neighborhood of those belonging to y’’(r). This solution is of class C’’ uniformly 
on its domain and hence 


y(xz, a, b) =a + B(x — 2%) + / / y’’(s, a, b) ds dt 


is effective in the theorem. i 
It will be shown later that the linear operator 


(3.3) A(z, a, B) = (dy(x, dy , bo > a, B), by,(z, do , bo ; &, B)), 


where 6 indicates differentiation with respect to (a, b), has a reciprocal at each 
value x on (2, , 2). 


4. The Jacobi condition. Hereafter we shall designate by 2w(zx, 9, ’) the 
integrand of the integral (1.3). As usual we consider the problem of minimizing 
the functional J, of equation (1.3) in the class of all admissible variations van- 
ishing at x, and x, , and we remark that 7 = 0, is a minimizing are. It will be 
assumed that J, has been computed along a non-singular extremal without 
corners. The extremals for our new problem must then satisfy the equation 


(4.1) sola; nla), Wa) %) = Syste, nf), W/(2); ») 


and be non-singular. Known existence theorems [4; 547] tell us that this equation 
has a unique solution through each set (x5 , 7 , 94). An extremal for the accessory 
problem formulated above must also satisfy the corner condition of Corollary 
2.2, which implies that 

lim 8)-y-f(x; 0/() — 0/ (8), »») = 0, . 

E<2<f 
Since, however, the original arc is non-singular, it follows that every accessory 
extremal is without corners. 

A value 2, is said to be conjugate to x, if there is an accessory extremal, i.e., 

an extremal for the accessory problem, vanishing at 2, and zx, but not identically 
zero on (x, , %). We then have 


THEOREM 4.1. For a non-singular minimizing arc E,. without corners there can 
be no value x, between x, and x, conjugate to x, . 


Let n(x) be an accessory extremal defining a conjugate value z, and let u(x) = 
n(x) on (a, , %) and = 0, on (2x, , x). This are minimizes the functional J,(»); 
hence it satisfies the corner condition at x, , whence it follows that n(2,) = 
n' (xs) = 0,. It then follows that n(x) = 0, 


THEOREM 4.2. For a family of extremal arcs y = y(x, a, b) of the sort described 
in Theorem 3.1 the linear and continuous operator A in (3.3) has a reciprocal at 
every value of x on the interval (x, , X2). 
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To prove this result, we substitute the given family into the equation and 
differentiate with respect to (a, b). It follows at once that dy(x, a> , bo; a, B) is 
a solution of the accessory equation (4.1), and with the help of equations (3.2) 
that A(z» , a, 8) has a reciprocal. Consider an arbitrary pair v, w of elements 
in ¥ and an arbitrary value x, of x. It is known that the accessory equation 
(4.1) has a unique solution n(x) such that n(2,) = v, n’(z,) = w. The equations 


by (Xo » Go; bo > a, B) = n(Xo), by.(2o » Qo; bo , a, B) = n' (Xo) 


have a solution (a, 8) = (a , Bo) and hence the function n(x) — dy(x, ay , do ; 
a» , Bo) is a solution of the accessory equation, which vanishes at zx, along with 
its derivative. Accordingly, n(x) = dy(z, do , bo ; a , Bo), and it follows that at 
the arbitrary value z, , A(x, a, 8) assumes at least once every value in the com- 
posite space (B, B). If for some value z, the equation A(z, , a, 8) = 0,, hada 
solution (a, 8) # (0, , 0,), then an argument like the one above shows that 
A(z» , a, 8) = 0,,, which is a contradiction. It has now been shown that A(z, 
a, 8) has an inverse on (B, B) to (B, B) and it remains only to show that it is 
bounded. This follows at once from a well-known result [1]. 


Coro.uary 4.1. For every solution n(x) of the accessory equation there exists an 
element (a, 8B) in (B, B) such that n(x) = by(x, do , bo ; a, B). 


To develop a theory of fields, we find it desirable to introduce the notion of a 
complete arc. An are E,, is complete if every pair of points (x, , y;), (%@ , Ys) in 
ry-space, with z, not conjugate to z, , can be joined by at least one accessory 
extremal. The purpose of this condition is to insure that the linear operator 


(4.2) D(x, ’ zt, a, B) = (dy(2, , Ao , bo ; a, 8), by (zx, ao ’ bo ; a, B)) 


takes on, at least once, every value (p, a) in (B, B) when z is not conjugate to 
x,. Itis assumed throughout the next two sections that Z,, is a complete, non- 
singular extremal arc. 


THEOREM 4.3. The values conjugate to x, are determined by the values of x for 
which the linear, continuous operator D(x, , x, a, B) defined above in (4.2) fails to 
have a reciprocal. 


To establish the theorem we find it convenient first to show that the conjugate 
values are determined by the values of x for which D has no inverse; i.e., the 
values of x for which the equation D(z, , z, a, B) = (0, , 0,) has a solution 
(a, 8) ¥ (0, , 0,). 

If n(x) is the accessory extremal defining a value x, conjugate to x, , we can 
determine values (a, 8) ~ (0, , 0,) so that n(x) = dy(z, do , bo ; a, B). Since 
n(z,) = n(x.) = 0, , it is clear that D(z, , x , a, 8) cannot have an inverse. 
Conversely, if D(z, , x, , a, 8) does not have an inverse, constants (a, 8) # 
(0, , 0.) can be so determined that n(x) = dy(x, ay , bo ; a, 8) vanishes at x, and 
x, , but is not identically zero on (x, , 2). If it were identically zero, then 





an 
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A(z, a, 8) in (3.3) could not have a reciprocal, which is a contradiction of 
Theorem 4.2. 

It remains only to show that D has an inverse if and only if it has a reciprocal. 
If D has an inverse for a value z, then z is not conjugate to x, , as we have just 
seen. With the help of a theorem of Banach [1], it follows that D has a reciprocal. 
The converse is obvious. 


Lemma 4.1 Jn a sufficiently small neighborhood of x, there is no value x conjugate 
to 2. 


The operator D(x, , x, a, 8) has a reciprocal for x # 2, if and only if the 
operator 
7 A(x, ’ Zz, Qa, B) = { dy (x, , Ay , bo > a, 8), [ dy (x, ay ’ bo ; a, 8) 
(4.3) 
- by(z, » Ao, bo , &, 8)] \t- z;)} 


has one. Using Taylor’s theorem [5; 173] we may express A in the form 


1 
(4.4) (dy(x, , do , bo 5 @, B), i by.(x, + r(x — 2,), dy , bo ; a, B) dr), 
and hence A(x, , x, , a, 8) = A(x, , 2, , a, 8) has a reciprocal. It follows easily 
from this fact that A(2, , 2, a, 8) has a reciprocal for x near 2, . 


THEOREM 4.4. Jf there is no value conjugate to x, on the interval x, < x < X%, 
then there is an x) < 2x, such that there is no value conjugate to xo on (x, , X2). 


The operator A(é, x, a, 8) defined in (4.3) has a reciprocal for § = 2, , 2, < 
x < x, , as shown above. It will therefore have a reciprocal in a neighborhood 
of each value (x, , x), and by the Borel theorem there is then a uniform neighbor- 


- hood of the sets (x, , x) with z, < x < 2, in which A has a reciprocal. The 


theorem follows from this fact since D(z, , x, a, 8) has a reciprocal for x, < x < 2x 
if and only if A(a» , x, a, 8) does. 


THeoreM 4.5. Let y = y(zx, a) (a e B) be a family of extremals of class C”’ 
uniformly on its domain, containing E,, for a = a, and such that all the extremals 
pass through the point 1. Then the values conjugate to x, are determined by the 
values of x for which the function by(x, ay ; a) fails to have a reciprocal, provided 
dy,(2, , @o ; a) has a reciprocal. 


We first show that every accessory extremal n(x) vanishing at z, is expressible 
as éy(x, dy ; a). We can determine an a in % such that dy(z, , a ; a) = 0,, 
by,(x, , ao } @) = /(x). The are n(x) — dy(z, ao ; a) is then identically zero. 
The remainder of the proof is quite like that of Theorem 4.3. 


5. Simply covered regions. We consider in this section a family 


(5.1) y = y(2, a) (1, ~-e<zr<2ate,ijalj <e) 
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of extremals containing E,, for x, < x < x. ,a@ = a», and defined by a function 
of class C’”’ uniformly on its domain. This family simply covers a region § of 
xy-space if there is a unique extremal through each point (2, y) of §. If § is 
simply covered, we can solve equation (5.1) for a and get a single-valued solution 
A(x, y). The function 


(5.2) p(x, y) = y.(x, A(x, y)) 


is called the slope-function of the family. 


Lemma 5.1. If the linear operator b5y(2, a) ; a) has a reciprocal at each value x 
on (x; , 22), then there is a region § of xy-space that is simply covered by the family 
(5.1) and that contains E,,. In this region the slope-function p is of class C’. 


To prove the lemma we apply an extended implicit-function theorem of Graves 
[4; 532] to the equation 


(5.3) y — y(x, a) = 0,. 


This equation has as an initial solution the set 3° of all (x, y,a)such that x, <2 < x2, 
y = y(x, a), a = a , which is self-compact. If we designate the ry-projection 
of this initial solution by U1’, then there are positive constants c, d and a solution 
A on (U°), to @—the notation (U°), means the sum of all neighborhoods (u), of 
radius d of points u in U°—such that, for every (z, y) in B°, A(z, y) is the unique 
solution (x, y, a) of (5.3) for which (x, y, a) is in a uniform neighborhood (3°), 
of 3°, and it is of class C’”’ on (U°), . We may now choose the region § to be the 
neighborhood (11°), . 


THEOREM 5.1. Jf a non-singular extremal arc E,. has no value conjugate to 
x, on x, < x < 2X, then there is a value x < 2x, such that the extremals through 
(xo , y(Xo)) form a family (5.1) which simply covers a neighborhood § of Ey. in xry- 
space. 


If in Theorem 3.1 we set a = y(2»), we get a new family y(z, b) of extremals 
all of which pass through (x, , y(a»)) and for which éy(zx, bo ; 8) has a reciprocal. 
The theorem then follows from the lemma above. 

Before proceeding further it is desirable to establish the following lemma. 


Lemma 5.2. If a neighborhood § of the arc E,,. is simply covered by a family of 
extremals all of which pass through some fixed point (x , Yo), then for an arbitrary 
arc C,, in § joining the ends of E,, it is true that 


(Ess) = | (fe, v, ve, W) + dle, v, wee, Ws ¥’ — ple, y)] ae, 


where (y, Y’) are the elements belonging to C, at the value x. 
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To establish the lemma let y = y(z, t) (t,; < t < t) be the extremal through 
(zo , Yo) and the point [2(¢), y()] on C,, . Calculating the derivative of 


z(t) 


I(t) = S lz, y(x, 0, y.(z, 0) dx 


we find, with the help of (2.4), that 
I'(t) = fix, yO, p(e, yO) )2’() 


(5.4) 
+6, fix(O, yd), p(x, yO); yO — pled, y(O)z’ (0). 


If x, = x(t,), v2 = x(t.), we see that y(z, t,) defines Z,, and that y(z, t,) defines 
E>. and hence that 7(£,.) = I(t.) — I(t,). The lemma then follows from (5.4) 
by means of an integration. 


6. The conditions of Weierstrass and Legendre. To establish an analogue 
of the Weierstrass condition we use the method developed by Graves [6] for 
proving this condition. Let us consider a value x* inside the interval (2x, , 22) 
and a value Y’ such that (z*, y(x*), Y’) is admissible. We define a comparison 
are C,., by the relations 


y(x*) + (a — 2*)Y’ “ <a< tes, 
me kbe tO er [y(x* + b) — y(x*) — be¥’) 

(be + a* <2 < b+ 2%), 

Lyx) (elsewhere). 


For sufficiently small positive values of b, e this are is admissible and we have 


0< FUG.) - 1) 


1 z*+be 


=5]. (fe, o(@, b, €), 2x, b, €)) — fle, ye), y’@)) ax 


+3 [ (ple, ola, b, ), le, b, &) — Sle, ve), v'@)] ax, 


z*+be 


if it is assumed that Z is a minimizing are. Using the law of the mean for in- 
tegrals and letting b approach zero, we find that 


0 < e[f(a*, y(x*), Y’) — f(x*, y(e*), y’(e*))) 


+ (1 - oa e, viz*), —— W'@*) — v9 | ~ ste", ie"), cer). 
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If both members of this inequality are divided by e and if e is made to approach 
zero, we find that 

(6.1) E(x, y; y’, Y’) = f(z, Y; Y’) — f(z, Y; y’) + 6, f(z, Y; y’; y’ — y’) > 0. 


THEeorEM 6.1. If E is a minimizing arc, then the condition E(x, y, y’, Y') > 0 
must hold for each (x, y, y’) belonging to E and to each Y’ # y’ such that (x, y, Y’) 
ts admissible. 


This condition was proved above for z interior to (x, , x2). At x, and x, the 
condition follows by simple continuity considerations. 


THEOREM 6.2. At each point (x, y, y’) of a minimizing arc the condition 
(6.2) by S (2, Y; y’; n; n) = 0 
must hold for every n « B such that || n || = 1. 
To prove this we expand the £-function of (6.1) by means of Taylor’s theorem 
and get 
0< E@,y,y’, Y’) 
(6.3) 


II 


1 
j (lL — r)oS lz, y, y’ + (Y’ — yr; Y’ — y’, Y’ — y') dr. 
0 


If we set Y’ = y’ + en in (6.3) and let e approach zero, we get condition (6.2). 


7. Sufficiency theorems. As is customary we shall use the notations I, II, 
III, IV for the necessary conditions expressed in Theorems 2.1, 6.1, 6.2, 4.1. 
The condition Il, is the condition II extended to hold for all (x, y, y’) in a neigh- 
borhood N of those belonging to Z,,. The condition IV’ is the condition IV 
strengthened to exclude the possibility of x, being conjugate to z, . Finally 
Il, , III’ are the conditions ITy , III strengthened to exclude the equality signs. 


LemMaA 7.1. Jf a non-singular arc E satisfies condition I1y , then it also satisfies 
condition 1h if N is small enough {7}. 


If If, did not hold, there would be a set (x , yo , ys, Y6) such that yf # Y4 
and E(x , yo, ys, Y6) = 0, ie., the function g{y’) = E(x» , yo , y’, Y5) would 
attain its minimum at y’ = yj. At this value then we would have [3] 

0 = dg(ys 30) = — Few S(t, Yo, Yo; m Yo — yo) 
for all ne B. This is impossible since the neighborhood N may be taken so small 
that in it 5)-,-f(ro , Yo , Yo; %» , ¢) has a reciprocal. 

THeoreM 7.1. Let EF, be a complete, non-singular arc without corners satisfying 
conditions 1, III, 1V’. Jt then furnishes the integral I with a proper, weak relative 


minimum. If FE,» satisfies the condition I1y instead of III, then the minimum is a 
strong relative one. 








" 


1e€ 
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It is clear that a non-singular arc satisfying III also satisfies III’ and the proof 
for a weak minimum is entirely analogous to the one for the classical case. The 
same remark applies to the proof of the strong minimum when one observes, 
with the help of Lemma 7.1, that II is satisfied. 


8. The second variation. It is assumed in this section that E,, is a complete, 
non-singular extremal arc. On the basis of what has preceded we shall develop 
an analogue of the Bliss-Clebsch [2] transformation of the second variation. To 
this end we study the accessory minimum problem, formulated in §4. The are 
n = 0, is evidently a complete, non-singular accessory extremal. If the are Z,, 
has no value conjugate to x, on the interval (z, , 22), then » = 0, also has this 
property. If y = y(a, b) is the family of extremals of Theorem 5.1, then the 
family » = dy(z, bo ; 8) simply covers the region of xn-space between the hyper- 
planes x = 2, , x = x, and all the ares of the family pass through (x, ,0,). The 
slope-functions of this family will be denoted by 2x(z, ). 

If n(x) is an arbitrary admissible variation vanishing at x, and x, , then Lemma 
5.2 assures us that 


8.1) Lila) = on) — 1,0.) = |” Euler, n(2), (2, n(e)), @)) ae, 


where E,, is the E-function computed for the integrand 2w(z, 7, 7’) and has the 
value 


(8.2) E, ir byw Sx; n(x) “23 T(z, n(x)), n’ (x) — (z, n(x))]. 


THEOREM 8.1. Let E,, be a complete, non-singular extremal arc which satisfies 
condition III. Then the second variation I,(n) is positive for all admissible varia- 
tions n(x) ¥ 0, vanishing at x, and x, if and only if E,,. satisfies condition IV’. 


If IV’ is satisfied, then J,(y) > 0 follows from (8.1) and (8.2). To establish 
the converse, we see, with the help of Theorem 4.1, that J,(7) > 0 implies that 
E,, satisfies condition IV. If zx, is conjugate to x, , then there is an accessory 
extremal n(x) vanishing at x, and z, and not identically zero. By means of a 
formula analogous to (2.4) for 2w, we see that J.(n) = 0. Hence J.(n) > 0 
implies that IV’ is satisfied. 


THEOREM 8.2. Let E,, be a complete, non-singular extremal arc satisfying III. 
The second variation I,(n) is non-negative for all admissible variations n(x) vanishing 
at x, and x, if and only if E,, satisfies condition 1V. 


It suffices to show that IV is sufficient since the converse was proved above. 
Let n(x) be an arbitrary admissible variation vanishing at x, and x, and let H,(x) 
be defined to be no(x) — (x — 2) m0(%2 — 1/n)/(a, — 2, — 1/n) ona, <r 2%,—- 
1/n and 0, on xz, — 1/n < 2 < 2,. The variation H, is admissible, vanishes at 
xz, and x, , and converges both in position and direction to m on (2, , 22). 
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On the interval (2, , x. — 1/n) there is no value conjugate to z, and hence 
by Theorem 8.1 the integral 


Z—a-l/n 
In) = [ 2a(e, 0, 2) de 


1 


is positive for all » + 0, vanishing at z, and xz, — 1/n. It is clear that J,.,(H,) 
converges to J,(.) and that H, vanishes at x, and x, — 1/n; hence J.(m) > 0. 


to 
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THE POINT OF INFLEXION OF A PLANE CURVE 
By Su-CHENG CHANG 


1. In attempting to generalize Bompiani’s investigation for an inflexion of a 
plane curve [1] to the singularity of high order [3], the quartics of two cusps and 
an inflexion with concurrent cusp tangents and inflexion tangent are utilized 
here to represent several orders of the neighborhoods of the curve at its inflexion, 
as Bompiani has done by using cusped cubies. According as the inflexion is of 
the first or the second class, two types of canonical expansions are given, namely, 


y= a+ 2a + a2 + 09), 


y= o+Se+ (9); 


the former coincides with that given by Bompiani [1], while the latter is new. 
A similar improvement for the cusp of a plane curve has been established by the 
author [2]. 


2. There are quartics each of which has a point of inflexion at O(0, 0, 1) and 
two cusps at P,(z, , y, , z,) and P,(x, , y2 , z2). In the following lines we utilize 
a special kind of them whose cusp tangents and inflexion tangent are concurrent. 
If the inflexion tangent is taken for y = 0, then the equation of one of these 
quartics is 





(a TY — Wl , we + wy + sat)’ 
Y YiYe 





- (¢ “ 9% ay — nr y je 92° + wey tous) 
T T "1 T Yio 





sf(xy — nt)" (22 + wy + ss!) 
1 4 
(1) + 4a ( = a 








ob 62 u(« Dy — Yr + wt + wey + os!) (2 + wey + sat)’ 
7 Yi YiYe YiYeo 


4 at (2 - 3) my a(1 hi “7') a (2 + wy + ast)’ ae 
Yi a T Ye 
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where we have placed 


@ = Yir2 — Y2%1, We = 2,02 — 22%, @3 = GWY2 — Loi , 
(2) 
in clay (Yiy2 ¥ 0). 


The cusp tangent at P, of the quartic is given by 


(3) a(2# ; t) 4 Se tow Fst 9, 
Y1 YiYr 








Suppose that a curve C has a point of inflexion at O so that its expansion at O 
takes the form 


(4) y = ax’ + br* + cx” + dx® + ex’ + fx® + (9). 
If a quartic C, of the equation (1) has a contact of order 4 with C at O, then 


l 
(5) aYiY2 + 8(yiz2 — Yo2) + 4 (tiY2 — Xi) = 0. 


For a given value a the locus of one of the cusps of C, is therefore a line when 
the other is fixed. Thus, taking a as a parameter, we obtain a pencil of lines 


b 
(6) ayy + 8(yiz — zy) +4 2 (ny — yx) = 0, 


whose center is (1, 0, b/2a), namely, the covariant point O, of Bompiani [1]. 
Suppose that the cuspidal tangent (3) of C, passes through a given point 
T(x» , 0, 2) so that 


= ALY iY2 + Xo + Ws3% = O. 
For a given cusp P(x, , y; , 2,) of C, with given cuspidal tangent P,T 
(7) —Y:2ot — (oz, — Ti2Z0)y + THz = O. 
The locus of the other cusp P, is a line 
(8) Oy; Z2 — Yo2) + A(? + 2) cou — ry) = 0, 
a = 425 
provided C and C, have a contact of the order 4 at O. The lines (7) and (8) 


coincide if and only if 7’ becomes O, . 
The point of intersection T’ of the line (8) and y = 0 is 


4b Zo 
(9) (,, 0, 9a + ts ) 





0). 


t O 


nen 


int 


(8) 
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and therefore the correspondence between T and T” is projective with double 
points at O and O,. Hence we have the following 


THEOREM. Given a point P,(x,, y:, 2) outside the inflexional tangent of a curve 
at O, there is an involution of lines of center P, determined by the neighborhood of 
order 4 of the curve at O, and the double lines pass through O and O, , respectively. 


3. In order that the curves C and C, have a contact of the fifth order we have, 
besides (5), a further condition, namely, 
‘ 2 ~ 2 x c 2 
(10) 3aw3(11Y2 + L2Y;) + 6wi¥iYe + 6 - YiYww; + 2 e YiY2w; = 0. 
If one cusp P, of C is fixed, the locus of the other cusp is a nodal cubic having a 


node at P, : 


3a(xyy — yx) (ny + yz) + Gyyl(yiz — zy)’ 
(11) - 2c " 
+ 6 a yiylyiz = zy)(ry — yx) + e YiYw; = 0. 
The two nodal tangents are evidently 


LY — Yr _ l 





(12) [—3by, + (9b’yi — 12acyi — 36a*zx,y,)'). 


yiz— 2y cy, + baz, 


It follows that the curve (11) becomes a cuspidal cubic if and only if P, lies on 
the line y = 0 or 


b? c 
j (2 Dotan 
(13) 4a® 3a” ' 


The latter is the Bompiani line /, (see [1)). 
It should be noted that the harmonic conjugate line of OP, , namely, 


(14) ry, — yz, = 0 


with respect to the lines (12) is 
2a 
(15) ny — yet 7 (yiz — zy) = 0, 


and passes through O,. Hence we arrive at the 


THEOREM. Given a point P(x, , y: , 2:) outside of l; and the inflexional tangent 
of a curve at its point of inflexion O, we can, by means of the neighborhood of the 


fifth order of the curve at O, determine a nodal cubic such that P, is a node and the 


harmonic conjugate line of OP, with respect to the two nodal tangents passes through 
the Bompiani osculant O, . 
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On the contrary, if P, lies on /; , then the cubic (11) is a cuspidal cubie with 
cuspidal tangent: 
16 | ae 2 ae 
(16) te oe) YY +2 F ne — ay) = 90, 
which constitutes a pencil of lines with center O,. Thus we have the 


THEeorEM. If one cusp of C, is fixed on |; and if C, has a contact of the fifth 
order with a curve C at its point of inflexion, then the locus of the other cusp of C, 
is a cuspidal cubic whose cuspidal tangent passes through O, . 


The line joining P,(z, , y; , z,) and (a, 0, 8) 


- B (2: ez: ) 
] = 7+ [- 


meets the nodal cubic (11) at P,(x, , y, , z,) and another point 


sax, + (®) Yi — (2) y +7 
(18) m 
—3ay, ’ B “a + 6&y, — ee n+ 2¢ y,) — 3az, . 
a a 


For a fixed value of 8/a the point (18) describes the line 


(19) 3ay.x + (sac, + 6&= y, — 6 8 ot +2- fy )y = 0. 
a 


Hence there is a projectivity determined between the line (19) and the line 
(20) ny — yx = 0. 


The double elements are found to be y = 0 and the line 


(21) 6ax + («(2) ~¢ Bis ‘Vy = 0. 
a ada a 


Thus we obtain a correspondence F’, between the point (a, 0, 8) and the line (21), 
under which O, corresponds to /,. In other words, we have the 


TuHeorem. The neighborhood of the fifth order of a curve at its point of inflexion 
determines a correspondence F , 
Take the coérdinate system such that |, is x = 0 and O, , (1,0,0). Then 
(22) b= 0, c = 0. 


If C, and C have a contact of the sixth order at O, we find, besides (5) and (10), 
a further condition 
€ 





m 
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2 4 
(23) a®x? + (—8dy? + 16a°y,z,) @! + 1807x,y, () + siayi(*) = 0. 
Ws Ws Ws 

From (10) and (23) it follows that for a given point P,(z, , y, , z,) with y, ¥ 0 
there are four related points each of which can be coupled with P, as the two 
cusps of C, in order that C, and C have a contact of the sixth order at O. If the 
joins of P, with the four related points are harmonic, then the locus of P, is 
easily found to be a cuspidal cubic 


(24) = u(—dy + 2a’z)’ — a’x*® = 0, 


whose cusp being (0, 2a’, d) is the Bompiani osculant O, (see [1]). On the con- 
trary, the Bompiani cuspidal cubic [1] is given by the equation 


(25) y(—dy + 2a’z)’ — 4a°x* = 0. 
Therefore, the Segre invariant of (24) with respect to (25) is 3/8. 


Now take the triangle OO,0, for the triangle of reference so that the relations 
between the new and the old coérdinates become 


(26) 


the expansion of the curve (4) then takes the form 


(27) y = ax’ + px’ + gx* + (9), 
where 


5 bd b? 33 b* 4c” 
p=e— Shy Me _ Be _ ae 


be bd 39 bc , 145b° , 19 be’ 

28 wf-3=>—+6=—— 22 FS = FS = 

es @ 4a 320° 3a’ 

b‘ 3 
-~3£45. 3234998. 
a 8a 2a a 

In the new codrdinate system every line of the pencil with center (a, 0, 8), 

where a-8 # 0, in general, possesses a pair of points which can be taken for 

the two cusps of C, having at O a contact of the sixth order with C. When 
the line varies in the pencil, the locus of the point is, after (23), a conic: 


3,2 2 8 2 B 2 8 Pre 
(29) ax — l6a (*) yz + 18a (2) ay + stay (2) = 0, 
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which touches y = 0 at (0,0, 1). Let P* be the pole of /; with respect to the 
conic (29); then 


9 
(30) (OO, , P*P) = 8: 
If we take 8/a as a parameter, the conic (29) envelopes a cuspidal cubic 
(31) —32*y + azx® = 0. 


The latter has at O the Segre invariant 1/3 with the Bompiani cubic. 
Similarly, the polar line of O, 


mn B am 
(32) —l6az + 18a — x + 16z z2=0 
a a 
also envelopes a cubic 
ror 
(33) 4yz + 12% = 0, 


the Segre invariant in this case being 1/48. 

In general, for a point P,(x, , y; , z:) (vy, # 0) we can determine four related 
points by the neighborhood of the sixth order at the point of inflexion, and 
accordingly obtain a conic through P, and its four related points, namely, 


SS. ss. tee Mm... 2 
— Q Lyx + ae ryt i- — ay\z; — = a’ yx} 
9 81 

(34) 


81 


a’yiz,yz — 4e’yiz’ = 0. 


This conic passes through P,(x, , y,; , 2,) and cuts y = 0 in the two harmonic 


points of O and O, : 
oy. \3 
(10,2 (%)'). 
7ax, 


Since the polar line of O, with respect to the conic (34) is 

7" e 2 
(35) yt + 9 ry = 0, 
we have that the cross-ratio of the four lines (35), OP, , 1; , and the inflexional 
tangent is —2/63. As to the polar line of O(0, 0, 1) with respect to the conic 
(34), namely, 


(36) 


we have that the cross-ratio of the four lines (36), O,P, , the inflexional tangent 
at O of C, and the cuspidal tangent of the Bompiani cubic is 81/130. 
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In virtue of (29) and (34) a correspondence between points and conics is 
obtained. Denoting it by F, , we have the 


THeoreM. The neighborhood of the sixth order at a point of inflexion of a curve 
determines a covariant point O, and a correspondence F, . 


It should be noted that if the conic (34) degenerates into lines, the locus of 
P, is 


(37) 1792y2” — 36765ax* = 0, 


whose Segre invariant with the Bompiani cubic is 36765/1792. 


5. If C, has at O a contact of the seventh order with C a further condition is 
required, namely, 


. C 
(38) 7a’ xiw, + "2 yw; — ay,z,ww, — 36ax,yw; = 0. 


The locus of the cusps of C, in consideration can be found by eliminating w,/w; 
from (23) and (38). Putting 


we know that the locus is given by 
7 2 nt P 2 > 2 
jax +9 — = 5O0ayzr — 36aryr~ = 0, 


a’x” + 16a°yzr + 18a°ryr’ + 8lay’s* = 0, 


namely, it is of the parametric equations 


" 5 
£03(-70 (8) 
(39) d ' 
e. i “et ree {-  _ &e)') 
= T" Be (5: 9a + 2r 24r 9a : 


For a fixed value of + (# 0) there are two corresponding points (39). This pair 
of points can be taken for the two cusps of C, such that C, at O has a contact 
of seventh order with C. On the same tangent y = 0 there are, however, four 
points, other than O, through each of which no line can be drawn such that a 
suitable pair of points on it becomes the cusps of the quartic C, in consideration. 
They are, in fact, of the codrdinates 


(1, 0, r;) (¢ = 1, 2,3, 4), 
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where 7; are the roots of 

4 r a 
(40) r+ 7a 0. 


For these 7; (i = 1, 2, 3, 4) the corresponding points (39) are 


1/4 














zm 1 (cos(e + §)x + isin (x + 3)=) oe 
== ——I[ecos{k + r+isn(k+=]Jr , 
(41) y 2 27a 
ewene 1 (cos (#+%), - sin (H+ ),) [FP 
os 6 27a 
(k = 1, 2, 3, 4), 


where « = 0 or | according as —p/a > O or < 0. In the pencil of conics deter- 
mined by the four points (41) there is a particular one not only passing through 
O, and O, but also tangent to y = 0 and x = 0 at O, and O,, respectively. This 
conic is 


1 
(42) ? = ma 
If e ~ 0 we take a point of intersection of the conic (42) and the Bompiani 
cubic 


(43) zy — ax* =0 


ry. 


for the unit point such that 


27 


(44) a=l, p= 16’ 


and, in consequence, the canonical expansion of the curve C at O becomes 

(45) y=r+ at a! + ga" + (9). 

As the line through the two points (39) is 

(46) re + 5: (7+ - BP), + rz = 0, 

it takes the limiting position 

(47) te+ (rt -2)y + 742=0 (i = 1, 2, 3, 4) 
when 7 — 7, (i = 1, 2, 3, 4), where 7, are the roots of (30). There is a pencil of 


conics determined by the four lines (47). If we take (44) for unit point, the 
equation of this pencil is 


(48) v + 25u? + «(16w + 5w’) = 





, 4), 
eter- 


ough 
This 


piani 


3, 4) 


cil of 
, the 
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where «x is a parameter. If the conic (48) touches the line 
(49) r+y+2z=0, 
it must be of the equation 
(50) 0 + 25u? — 2° (16w + 5u*) = 0, 
provided 00,0, is, as before, the triangle of reference and (44) the unit point. 
A point of inflexion of a plane curve is said to be of the first class when in (27) 
(51) ap ~ 0, 
the second class when 
(52) ap = 0, aq ~ 0 
and the third class when 
p=q=0. 


Of course, the canonical expansion (45) is not valid for the points of inflexion of 
the second or the third class. 


6. If C, has at O a contact of the eighth order with C there is one more required 
condition 


(53) 12aryr® + 2ayzr? + 5a’x’r + 3 : yrtity =0. 
Substituting (39) in (53) we have 
(a 
(54) 132° + Sor 2 = 0. 
By (54) we can find 7; (¢ = 1, --- , 5) and then obtain five pairs of points (39) 


such that each pair of them can be taken for the cusps of C, in consideration. If 
the point of inflexion is of the second class, that is, p = 0 and q # 0, the five 
roots of (54) are 








1/5 
a q Be —a ok o- Nee 
(55) ath 132a ’ € sen ( a ) (e # +1;k 1, , 5). 
In this case the five lines determined by each pair of points (39) 
3 3 Te 
(56) z+omytot=0 (k = 1, --- , 5) 
are tangent to the conic 
2 
(57) ot uw — +y = 0, 
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that is, 
(58) 3qy’ — 88a°xz = 0. 


Now we can take a point of intersection of the Bompiani cubic (43) and the 
conic (58) for the unit point such that 


88 
a= 1, . = 


and the canonical expansion of the curve at its point of inflexion of the second 


class is 
. 88 ., 
y=r+ or +). 


If p ¥ 0, that is, the point of inflexion is of the first class, we have from (39) five 
pairs of roots of 


_ € 
(59) 1327° + 2 


at~ae6 


The line determined by every pair of points (59) is 











ee : 7 3 ; 
(60) tetu(it-3)4n2=0 GG =1,---, 5), 
and the five lines thus obtained further determine a conic, namely, 
2 49 7:97 , 11-3° 11-3° 3" : 
(61) wv — =e uw + a “— oS. dae ee ee z -u = 0 
52 32-22 7-2'q 7-2 ¢ 77.2"*.¢° 
The pole of the inflexional tangent of C at O, namely, u = w = 0, with respect 
to the curve (61) is 
11-3’ 11-3° 

(62) p-(-2 ern 2, Ue), 

7 :2-q 7-2°q 


Since the determination of the unit point is geometrical, we may express in terms 
of the double ratio D of z = 0, y = 0,2 — y = Oand P*0, : 
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THE SINGULARITY Sy OF A PLANE CURVE 
By Su-CHENG CHANG 


1. By a singularity Sf of a plane curve we mean the point at which the 
tangent to the curve has a contact of order m with the curve. If this point is 
taken for the origin O(0, 0, 1) and the tangent for y = 0, then the expansions of 
the curve in the neighborhood of O become 


eo 


(1) z=8 } a,s’, y= 8s" > b, 8’, z=1+ 2 c,8, Aoby ¥ 0. 
0 0 


0 


In particular, when m = 3, the singularity which is a point of inflexion has been 
studied by E. Bompiani [1] and the author [2]. It is B. Su [4], [5] who generalizes 
Bompiani’s osculants to a curve with a representable singularity of high order. 
In a recent paper [3] we have studied the singularity S{ in detail and obtain the 
canonical expansions of two species of S} that had been classified projectively. 

It is natural to extend our method of representing the neighborhood of various 
orders of an S} to the study of an ST (m > 4). Here we investigate only the 
representable singularity considered by Su, namely, the singularity for which 
the invariant point O,,, exists, and give a geometrical interpretation of the 
conditions for a representable Sj, as these have been derived analytically by Su. 

There are other covariant figures, besides O,,,, , l2,—; and O.,, , determined by 
the neighborhoods of high orders of a representable ST. A formulation of these 
elements as well as a supplement to the canonical expansion of Su for two 
species of a representable ST forms the main object of this note. 


2. Suppose that a curve C has a singular point Sf at O(0, 0, 1), so that the 
expansion can be written in the form (1). In what follows we shall utilize an 
algebraic curve C,, of order m having a node, a singular point ST, and an (m — 2)- 
ple point with coincident tangent. Let P,(x, , y, , z,) and P.(x2 , yz , 22) be the 
(m — 2)-ple point and the node of C,, , respectively, and let 


VY — Yt , wrt + wy + ws2 
“ae sy eee 


= () 
Yi P Yi¥e2 


be the equation of the common tangent of C,, at P, ; the equation of C,, , which 
has a contact of order m with C at O, can be written as 


y(22= yt poetow + ms) _ 9 Vile y (Eu= uz) Ps 
Yi YiYe Ws Yi 
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+ (wy (ase) 














(2) 
m—2 m-—ji-1 i 
_ + w32 
A,( vz) (22 + wry + ws ) 
ty > Yi YiYe 
in oe S Ay” = (bu) (# + wy + ot) a = 0, 
YiYe 
where 
@, = Yiloe — Yoti, Wo = 2,%2 — 22%, , W3 = LMiYo2 — Lei, 
mm —1 W3 
, m — 2 YiYo ; 
and A, (¢ = 1, --- , m — 2) are arbitrary constants. In order that C,, have at 


O a contact of order m + 1 with C it is necessary and sufficient that 


m—2 2 m l+m 
ye: we eo. m YiYr m-—1 =. m+1 Ao Yio 
bvaeAn-s(*-) + ( 1) (us ) aT ( 1) bo ( @3 ) 


«= \" “1 (m — leu? 
b, - J (= ) bo 1 +) ¥idateeeeen 2b | = 0. 
ms | (2) las ) YiYe2 mF (y:y2)" . 


The quantity A,,_. thus determined is called the (m + 1)-th parameter [3]. For 
given point P, and fixed A,,_, the locus of P, is 





(3) 





— ApboAm-2(t1y — yix)™** + ( —1)"*"(m — Lad (y.y)"(yiz — zy) 


(4) + (-1)""" | nade — ix) + (m — Idee: (my)"(try — yr) 


-s-— = (y)” (ry — ya)| = 0. 


As A,,-2 varies the curves (4) always pass through P, and constitute a pencil, 
called the pencil of the (m + 1)-th curves with center P,. The tangents of these 
curves at their center coincide in the line 


a, bo 





(5) (:, + m— lboc, — m eV Gay — y:z) + (m — 1)ayb(y,z — zy) = 0, 


which clearly passes through the point 


(6) ((m — 1)aobo, 0, 6b; + (m — 1)boe, — m ab) 


0 


which is independent of P,. Denoting, after Su [4], [5], this point by O,,,, , we 
have the 





e at 


For 
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THEOREM. Given a point P, outside of the tangent of a plane curve at its ST, 
there is determined a pencil of the (m + 1)-th curves with center P, . The curves of 
this pencil have at P, a common tangent which passes through the invariant point 
Ons - 


3. Put 
2 = s(>, a,s’)" aa 3” > A, .,8", 
0 0 
2’ = (1+ > c,8)' = > Coles 
1 0 
a 
Ui _ | © oy sane oe ’ 
¥.a.7=0 
v+pttr=k 
so that 
yx’ 2" "-* —_ Deb ) Ui, 3 
0 


If O,,., is taken for (1, 0, 0), then 


a, bo 


b, + (m — 1)boc, — m - = 0 


0 


and 


m+ ° (Yi¥2)"w 
7 A,,-2 = (-1 (m — 1 So Wha) 
( ) ( ) m ) by (w3)"*" 


In order that C,, have a contact of order m + 2 with C another condition is 
required, namely, 


™ 
m+l ao 


A.-sbeagws + (-—1) b Uvo.2(yiyo)” ‘ws 


8 ~— — 1 — 2)a ;, m-1 2 
( <a (= 1) ne Mim = 2) “ 12,0(YiYo) @) 


+ (—1)"A,,.2(yiy2)” ws = 0. 


By means of (8) we can choose A,,_, for prescribed P, and P, in order to obtain 
the C,, under consideration. We call A,,_, determined by (8) the (m + 2)-th 
parameter of P, and P, . 
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When P, and A,,_; are fixed, the locus of P, is 


™ 
m 1 Ao 


j Ui0.2(yy)” ‘(ay — yx) 


Choas(aiy — yix)"*' + (—1) 


m— 1 


9 +2 \ ’ 
(9) + (| 9 |os “(yy)” “(wiz — zy) 


+ (—D"(yy)" "An (ary — yx)” = 0, 
where C is an arbitrary constant. We call the curves (9) the (m + 2)-th curves 
with center P, . Since P, is the node of these curves, the two nodal tangents at 
P, which are independent of the (m + 2)-th parameter are given by 


M 7, .\2 m— 1 m+2 ee ee 
(10) (# Uro.2 — An) ew — ¥:%) | 9 Ios (yiz — zy) = 0. 


These lines intersect the tangent y = 0 at two invariant points 


= 1 i (m+2)/2 ay r ' 
ay (PME *Paroo, [8 tna an]. 


It is clear that these points, denoted by O,,,.., and O,,...2 , coincide if and only if 


(12) ae. Ur0.2 _ A,.2 = 0, 

bo 
which is nothing but the first of the conditions in order that the singularity S? 
be representable. (See [3], [4], [5]. We call these conditions the conditions of Su.) 
Hence we have the 


THEorEM. The neighborhood of order m + 2 of a curve C at its singular point 
ST determines a three parameter system of the (m + 2)-th curves, whose nodal 
tangents at their center pass through two covariant points O,,.2,, and O,.2,2 at the 
tangent of C at ST. These points coincide if and only if the first condition of Su is 
satisfied. 


If 
a. a; ‘ 
(13) p Uw. — A,. =0 (k =2,---,r—D), 
i) 
for3 <r <m — 1, C,, has at O a contact of order m + r with C if and only if 


oF Ags — | — |e (yy)” ol = 0 (l= 2,--,7), 


(14) we Agp — (| " nf ‘|e (yiyo)” "*'w; 


+ =— (-1)"°"* ws(yiys)” "(Ane — b Ui.) = 0. 





0. 
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As before, we can similarly define the (m + r)-th parameter, the (m + r)-th curve 
with center P, and the r invariant points 


((["F fe)". [-o (an. Fem) Pe) 


@=1,-+-,r,e = le #1), 


(15) 


the latter being denoted by O,,.,.; (¢ = 1, --- , r). If two of them coincide, all 
of them necessarily coincide with O,,,, , since in this case 

Pm 
— Use.» => 0, 


16) Aa. — 

(16) by 

which is one of the conditions of Su. 
Hence we have the 


THEOREM. Suppose the first r — 2 conditions of Su are satisfied at a singularity 
ST of a curve, namely, 


7 Ur. — Anse =O (k= 2,---,r—1;2<r<m-— 1). 
0 
Then there exist the (m + r)-th curves determined by the neighborhood of order 
m + r of the curve at the singularity ST. The center of these curves is an r-ple 
point and each of the r tangents of the curve passes through an invariant point 


Ons-.¢ (@ = 1, +++, 7). If two of these points coincide, then all of them are co- 
incident with O,,., . The necessary and sufficient condition for this is that the 
(r — 1)-th condition among the conditions of Su be satisfied, namely, 

ao 


Uno,, = Ras = (. 


bo 
4. In what follows we consider only the case where O is a representable singu- 
larity Sj, namely, 


mm 
ay 


(17) b Uvw.. ~— Aer @= 0 (r = 2, --- , m — 2). 


Such a singularity is denoted by ST... If C,, has at O a contact of order 
2m — 1 with C, then we have 


m+i m+i m— 1 ay mogee 5-32 _ 
(18) Ws 4im-i (—1) b =? 1] | b, (Yiye) Ww) = 0 


(jy = 1, +++ ,m— 2) 
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and a further condition 


m 1 


2b,a7~* oi Ao ae YiYe + (—1)"*'a5""" YiYo2: 


(19) eek. % ws 
+ Ys | Ann =a pa bas | -_ 0. 
W3 Yi. 


When P, is fixed outside y = 0 the locus of P(x. , y2 , 22) (ye ¥ 0) is a curve 


m— m ao T m— 
2boas ‘(ay - Yi) _ b U 10, m—1YiY (“iy — yi2) ? 


(20) + (-1)""' a5" "yy(yiz — zy)" 


m— mx m— 
+ yiy(riy — yr) daw — rs boas = 0. 
1 
Obviously, P, is an (m — 1)-ple point of (20). A necessary and sufficient 
condition in order that the tangents at P, be one and the same is that 


(21) ~ a. eee mo as "be = 0. 


That is, P, must be a point on the line 


(22) (# Use . 3 4 mar ‘box; = 0, 


which is the line /,,,_, (see [4], [5]). Thus we arrive at the 


TuHeoreM. If an arbitrarily assigned point outside the tangent at an SY, »-s ofa 
curve C is taken for P, of C,, and if C,, has at the S}.,,-, a contact of order 2m — 1 
with C, then the locus of P, is a curve of order m having P, for an (m — 1)-ple point. 
The (m — 1) tangents at P, become one and the same if and only if P, lies on the line 
Rint 


Taking now a point 7(A, 0, —1) on y = O we can obtain a line P,T which 
intersects (20) at P, and another point Q on the following line 


2b,a5 ‘(ay oe YX) 


(23) (ar Pe sai 2 5 et) 
= WY )\> l fan (-—1) a 1 eS +m y boas (= 0. 


m-1 


When P, varies on a line through O, 


(24) y — px = 0, 








i-_ meme seo 


nt 
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the locus of Q is found to be 


boas “(y — ux) 





m-1 


(25) an er 
~ RE U0, m-18 ~ (—1)"*? x p— pAgn-i + mbas | y= 0. 


For a fixed \ the correspondence between (24) and (25) is a projectivity whose 
double elements are y = 0 and 





m 2m-1 
(26) Be Vaomes + (= 1 = Ammen + boas” T = 0. 


Denoting the correspondence between the point T and the line (26) by F,,,-, and 

remarking that the corresponding line of O,,,, is precisely l,,,-, , we obtain the 
THEOREM. A correspondence F,,,_, is determined by the neighborhood of order 

2m — 1 of a curve at its ST.,,-3 such that the range of points on the tangent at S}.»-3 


of the curve corresponds to the pencil of lines with center S},-3. In particular, 
O,,.., corresponds to l,,,-, under F>,,-, . 


5. Now take the line /,,,_, for zx = 0, so that 


and (19) becomes 
a Qo(xiys — yr)” + (—1)""ag(yiz2 — Yor)” "Yrys 
—mboX,y2(Xiy2 — X2y,)"* = 0. 
If C,, has at St,,-, a contact of order 2m with C, then the points P, and P, 
are related by (27) and a further condition 


ri 1 m-—2 riz 1 = — 
(™ ) w;(20; — MX1Yo) 7+ (4... ~~ re Use.m) viva 
‘0 








m— 2 ™ 
(28) ‘bo 


— (wm — l)y2ws “(2 + Y We) = 0. 
For a fixed P, , (27) and (28) represent two curves having P, and (m — 2)’ 
points B;(j = 1, --- , m — 2”) outside y = 0 in common. Each of them may 
be taken for P, so that the corresponding C,, has at Sf.,,-; a contact of order 
2m with C. The curve given by the equation 


(" — 1)" (yiz — zy)[(2 — my, — 2y,2)"* 








m— 2 


(29) — (m — I)ay(yiz — zy(ay — yx)” 





1 oa = 
+ arb (4... = ; l oon) vive _ y:2) . 


“—. Iyy(zix wind x z)(ay ait yz)" * = 0 
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passes through P, , O,..,,B; (j = 1, +++ , (m — 2)*) and has O for an (m — 3)-ple 
point with coincident tangents. Since x,/y, and z,/y, can vary, the curves (29) 
constitute a two parameter system which represents the neighborhood of order 
2m of the curve at the Sj,,-,;. The polar conic of O,,,, with respect to (29) is 


(2=1)~ 2" "(yz — “yay — 2) 


m— 2 





ia ail 1 m-—2 
(30) —2 m(™ = 1) ny(yiz — ay) 
Y1 ao 7, sia 
+ EE (4... ak Un.) + (m — Dx [yew — y:z) = 0, 
do bo bo 
which gives a correspondence F,,, between a point P, outside y = 0 and a conic 
(30). The latter degenerates if and only if P, lies on the lines z = 0 and 
(31) v( 4... _ . Un.) + (m — l)a%hoz = 0 
0 
which intersect at the point O,,, 
(32) (0, (m — 1)aby , - a ee 
0 


Thus we have the 


THEOREM. A correspondence F,,, is determined by the neighborhood of order 2m 
of a curve at its ST.,-3 , such that a point not lying on the tangent of the curve at 
ST n-3 corresponds toa conic. The point O,,, is obtained as the intersection of the 
two lines which stand for the locus of the points that correspond to degenerate conics 
under Foam . 


6. If the point O,,, is taken for the remaining vertex of the triangle of reference, 
then 


So. Ui0.m = Bam = 0. 


0 


In order that C,, have a contact of order 2m with C at Sf.,,-; it is necessary 
and sufficient that the equations (18), (27), 








_ = 1 ie m—3 m-3 
(33) w,(2Qw3 — mMxr,Y2) + (m — 1)y22ws = 0, 
and 
ar 2 
Ss of (m — 2)? Fits _ —_ ~ + (m — 1)(m — 2)(—1)" : comet ca 
(34) ail 


‘0 Ws 
2 m 

pr (u#) _ = = ancsil = 0 
W3 0 


hold. 





onic 


r 2m 
ve at 
f the 
onics 


ence, 


ssary 
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To classify the (m — 2)-ple points P, of all curves C,, which have at the 

ST.n-3 @ contact of order 2m + 1 with C, let us take the point where P,P, meets 
the tangent y = 0. If this is fixed, then 

W3 
oT ae iy 

el 
where p is an arbitrary constant. From (27), (33), and (34), it follows that any 
one of the m — 3 points of intersection R; (¢ = 1, --- , m — 3) outside y = 0 of 
the curves 


(35) m— 2) \ySq.r6? + (m — 1)(m — 2)a3**box 








+ (m—-1) 22 29 
GM Y 
and 
2[y*Snsip” + (m — 1)(m — 2)boag *‘xy] 
(36) 
+ (—1)"(m - 2)asbie( map" tors a py) = 0 
where 


Sasi = A, nei ao U0, m+1 , 
0 
can be taken for the (m — 2)-ple point of the C,, in consideration. The co- 
érdinates of the node of this C,, may be determined by w;/w, = p and (34), 
provided P, is given. In this case P,P, passes through the point (—p, 0, 1). 
The conic (36) passes through O, O,,,, and the m — 3 points R; (i = 1 
m — 3) and the tangent at O is the corresponding line 


(37) mxp” ‘(1° 2 ey = 0 


of P,(p, 0, 1) under F,,,-, . Moreover, the polar line of O,,, with respect to this 
conic is 


(38) 2[2yS,4:9? + (m — 1)(m — 2)boaz**z] + (m — 2)?az**bopz = 0, 


which intersects y = 0 at the point P)((m — 2)p, 0, —2(m — 1)). The cross 
ratio of P, , P} , O and O,,,, always equals 2(m — 1)/(m — 2). Thus by means 
of the neighborhood of order 2m + 1 of the curve at its ST..,., we can define a 
correspondence F,,,,, between a point on y = 0 and a conic. Since p is a para- 
meter, the conics (36) constitute a system. It is easily seen that the line (38) 
envelopes a conic with the equation 
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_ (m — 2) 


(39) m— 1 


as 'boz” + 328,.4:2Y = 0, 


that is, a conic determined by the neighborhood of order 2m + 1 of the curve 
at its ST,,,-3;. The locus of the intersection of the lines (37) and (38) is given 
by the equations 


mzp”™~* + (—1)” = y = 0, 
(40) . 
22QyS,.410 + (m — 1)(m — 2)boaz*'z] + (m — 2)’as**bopz = 0. 

7. If non-homogeneous coérdinates are used, we have 
(41) a = 1, c; = 0, a; = 0 (¢=1,2,---), 
(42) y = bore™ + bv” +--+ +d” + -- 


Since OO,, .,O2,, is taken for the triangle of reference, we have 


1 


b, = 0, be 


Ur0.% _ Mas = 0 (k = 2, 3, +e m). 


From (41) it follows that 


If a point of intersection of (39) and (40) is taken for the unit point, then 


(m — 1)""* —(m — 1)’""* 


by = = =? Bias = a Begg an-8? 
4”"~'m(m — 2)” ae ae (me — 2 








provided the conic (39) is proper. Hence the canonical expansion of a curve in 
this case (m > 4) takes the form [3] 


(m a the “a (m nes — 
4””'m(m ae aig 2°" * m?(m i a. 








(43) y= 2"** + (2m + 2). 


8. On the contrary, if the conic (39) is degenerate, the canonical expansion 
for the curve is quite different from (43). In this case C,, has at ST.,,-; a contact 
of order 2m + 2 with C if and only if (18), (27), (33), 


(44) (m — 2)zws"' + (—1)"(m — 1) LYiyuwo, = 0, 
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(-r(4 Ses, m+2 _% E Usawva) (us 
Yo, m—2bo 1 (ws)\"* | 
(45) + is fa - — 1)(—1)"boae” { san| & a eee lar: («) | 


+ (ue * wies\ =®@ 


and 


are satisfied. Elimination of y, from these equations gives 


Pm 1 m-—3 asy2"° 
: = ~(8=)) 
(46) p —- ao nb 











8 1 m mm mm 
(47) 2= =o wry + (—1) boe( mo” x + (-1) : ° py = 0, 


yy ae xs m—1 (—1)"*'z\? 
(48) (5) (4... - % Unnes)¥ t af 3 |¢ bo (1+! t pre ) 
+a" y ES (2+5) -0 
bo p 


Eliminating p from two of (46), (47) and (48), we obtain two curves; each of their 
common points, except those on y = 0, can be taken for an (m — 2)-ple point of 
a C,, which has at ST.,,-; a contact of order 2m + 2 with C. From (46) and 
(48) we obtain 





1 
2‘(z + 2&-— 


a9) —p¥z— L( : ) _ 9 Ryz — 2*)Byz""* — =| 
= \ z + 2(—1)"2x (2* + 2(—1)"xz)x” 4 








m-—5 7 2 2(m-—4) 
——— (aS | PM « wont 
=| ( yz z) “— z - ae 4) 











—o| ive — 2)Byz”* — aa 
(2? + (—1)"2rz)2""* 


where 








m—1\""* a 
B= -(2 _ t) (m — 1)b,’ 


(m — 1)(m — 2)(m — 3)az**by by 


According as m = r (mod 4), r = 0, 1, 2, 3, there are four possible cases in 
eliminating p from (46) and (47). In fact, when m = 4k, 4k + 1, 44 + 2 or 4k 
+ 3, we have 
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1 -1 . gf type mone ~ yz""> 
(50.1) (- 14 \2 se Ar + Bm gtim- 4-1 j =B "4 ’ 
( k(m—4) 4 m—5 
) 2(m — 1)Ax \ yz 
(50.2) = B ¥_, 


lam ra. 2)2(mB*y** 2k" + = 2 
m— 1 2Az7" 4 fala 
m— 2 k-1 k(m—5) +1 + 2(m—4) 
my r4 zx 
m-5 ( k(m—4)-1 2 k(m—4) 2 
_ py Ax _ a= 1). 4Ax | 
(50.3) — (L(<42-=) ( aoe 2 mB*y** z'**-® 


= k(m—4) 
& of (™ 1). 2Ax }- P 
m—- 2 mB*y k-1 githa- 5) ) 






































or 
k—-1 _k(m-—5) 4 5 
— ( mab" ¢ — ) + 2 
y: Ax 
1 ff (m—1 2 i a | 
(50.4) = pA (2 ‘i 2 z ~ 9 Pid 
ke k—1 _k(m—5) 2 
_fotare=T)..o 
- ) 
where A = (—1)"ajp/bo . These curves are of order m(m — 4) with an 


[m(m — 5) + 4J]-ple point at O,,, and an (m — 4)-ple point at O. The curve 
(49) is of order 4(m — 2) which has a 4(m — 4)-ple point at O,,, with coincident 
tangents z = 0 and a quadruple point at O with coincident tangents y = 0 too. 
The curve (49) intersects the curve (50.1) (¢ = 1, 2, 3, 4), in general, at 
4(m — 4)(8m — 5) + 1 points outside y = 0, and each of them can be taken 
for an (m — 2)-ple point of one curve of 4(m — 4)(3m — 4) + 1 C,,’s which 
have at Sj,,-, a contact of order 2m + 2 with C. Therefore, the behavior of 
the singularity under consideration is represented by the curve (49). The line 
l,,-; meets the curve (49) at O, O,,, and another point O,,,,. : 


(51) (0, (m — 1)(m — 2)(m — 3)az**by , 2(A....: — = Usa), 
0 


a point determined by the neighborhood of order 2m + 2 of the curve at ST ,.43, 
provided the conic (39) is degenerate. 


9. Taking a point of intersection of the line O,,,,02,,,2 and the curve (49) for 
the unit point, we obtain the canonical expansion of the curve in the case in 
which the conic (39) degenerates but O,,,,. does not coincide with O,,, : 
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(52) 9 = box” — 3|™ . Yoga + (2m + 3), 


where 


1 — m—1\"" bo | ( 1 y 
(5) = + (==) “ph 1 + 2(—1)” 


+ 2 | ie 2 , Pees The (" — a aie 
1 + 2(—1)” (1 + 2(—1)"))) ~ (m — 1)? \m - 2 


According as the conic (39) is proper or not, the ST.,,-; is said to be of the 
first or the second species. It may be of interest to investigate the other cases 
of the singularity Sf ,,,-3) of a curve. 
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THE GROWTH OF SOLUTIONS OF A DIFFERENTIAL EQUATION 
By Mary L. Boas, R. P. Boas, Jr. Anp NorMAN LEVINSON 


It has been shown by D. Caligo [1] that if A(z) is continuous in 0 < z < @ 
and A(x) = O(2~*~‘) asx — @, with e > 0, then for any solution y(zx) of y’’(x) + 
A(x)y(x) = 0, lim y’(x) exists. It follows at once (e.g., by l’Hospital’s rule) 


that y(x)/x has the same limit. 
Here we shall give a short proof of a somewhat more general result (Theorem 
1), and then prove a still more extensive result (Theorem 2). 


1. THEorEM 1. Jf A(x) and B(x) are continuous inO < x < ~, if 


(1.0) [ =| 4@|ar< », 
0 
and if 
(1.1) i B(x) dx 
0 
exists, then for any solution y(x) of 
(1.2) y"(x) + A(x)y(z) = B(x), 
(1.3) lim y’(x) exists. 


In the proofs of Theorems | and 2 we require the following lemma. 


Lemma. If f(x) is continuous inO < x < @, if M(x) denotes the maximum of 
| f(t) | inO < t < 2, and if for some positive numbers a and xX» 


(1.4) lf (z)| S a+ 3M(z) (x > 2), 


then f(x) is bounded inO0 < x < @. 


For the proof, we suppose f(z) unbounded, and let \ be a number larger than 
both 2a and M(x,). Let x, be the greatest lower bound of numbers x such that 
| f(z) | > A; such numbers exist because f(x) is unbounded. Since f(x) is con- 
tinuous, f(z,) = A; since | f(x) | < A fora < x, , M(x,) = A; since M(x) < A, 
2, > 2%. From (1.4) with z = x, we now have | f(z) | < a+ }A <A, which 
is a contradiction. 
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We now prove Theorem 1. We choose, as we may because of (1.0), a positive 
2X» such that 


(1.5) [ A(x) | dx < }. 


Clearly 
(1.6) viz) = yl.) + | ya. 
From (1.2), we have 
y(x) = —A(x)y(x) + B(z). 
Substituting for y(x) from (1.6), we obtain 
ya) = —y(e)A(z) — A@) [ ¥'@ at + BO); 
and, on integrating this relation, 


y'(x) = y"(uo) — ylxo) | A at 
(1.7) sy 


a ij A(u) du | yd at+ | BY at. 
We define 


’ 








a = | y’(xo) | + | y(ao) | / | A(t)|dt+ max 


° o<z<@ 


[ Bit) at 


M(x) = max | y“(t) |. 
O<t<z 
From (1.7) we now obtain 


y'(xz)| S<a+ M(a) [ A(u) | du [ dt 


<a+ M(z) [ u| A(u) | du. 


Using (1.5), we thus have 
ly’(x)| < a+ $M(z2). 


From the lemma we conclude that y’(x) is bounded in0 < x < @. But if y’(x) 
is bounded, it follows from (1.0) that the integrals involving A(x) on the right 
of (1.7) approach limits as x — © ; the integral involving B(x) approaches a limit 
by (1.1); consequently lim y’(x) exists. This completes the proof of Theorem 1. 


2—-@ 
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2. Here we consider the differential equation (1.2) under more general condi- 
tions. Let 





Aa) = AML + Aw@ 





A(z) = | A(z) = A(z) 


Then clearly A,(x) and A,(x) are non-negative and A(z) = A,(x) — A,(z). 


THEOREM 2. Suppose that A(x) and B(x) are continuous, that 


(2.0) Ninn sup x | A,(t) dt <1, 
(2.1) / rA,f(x) dz < o, 
0 
and 
(2.2) [ B(x) dz exists. 
0 


(2.0) will, in particular, be true if lim sup x°A,(x) <1. Then if y’’(x) + A(x)y(2) 
= Biz), 


(2.3) lim y’(z) 


exists. Moreover, if 


(2.4) [ 2A\(@) de = @, 
then 
(2.5) lim y’(x) = 0. 


m@ 


3. Proof of (2.3) when y'(x) does not change sign for large x. Without loss 
of generality we assume that y’(x) > 0 for x > 2p (since replacing y(x) by — y(z) 
does not affect our hypotheses). Suppose that 2, is so large that 


(3.0) [ xA,(x) dx < }. 
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Using (1.7), we have 
ya) = ye) — lx) | A@@at— [Aq au [ yo at 
(3.1) ze ze ze 
+ / B(t) dt. 
Since y’(t) > O fort > 2 , and —A(t) = A(t) — A,(t) < A,(t), we then have 


for = > L6e 


Lw'@) | < | we) | + | vee) | [| Aw | ae 
(3.2) ” 


+ [ Ase) du [ y'(o at +B, 
where 


B= max 


TeoSz<@ 





[ B(u) an; 


the integral / | A(t) | dt converges by (2.0) and (2.1). We define 


a 


| y'(xe) | + | lea) | [| A® | dt +B, 


M(x) max | y’(t) |. 


O<st<z 


ll 


Then, from (3.2) and (3.0), 


|y’(xz)| <a + M(2) [ A,(u) du [ dt 


<a+t+ M(z) / uA,(u) du 


< a+ 4M(2). 


By the lemma, y’(z) is bounded in0 < x < @. In (3.1), write A(u) = A,(u) - 
A,(u). Then, since y’(x) is bounded, all the terms on the right of (3.1) approach 
limits as x — ©, with the possible exception of 


-f A,(u) du | y’(t) dt. 


But, since y(t) > 0 fort > x, , and A,(u) > 0, this term is a non-increasing 


function of x; it is bounded below because all the other terms in (3.1) are bounded. 
Hence it also approaches a limit. 





a a 


have 


+ B, 


(u) — 


roach 


-asing 
nded. 
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4. Proof of (2.3) when y’(x) changes sign an infinite number of times as 
x— ©. We consider two cases. 


Case 1. Here we prove (2.3) when y’(z) is bounded. If lim y’(x) does not 
exist, we can assume without loss of generality that 


(4.0) lim sup | y’(z) | = lim sup y’(z) = M > 0. 


m7 @ 


Choose a sequence of points x, , x, — ©, such that y’(z,) — M. By (2.0) there 
is a number c, 0 < ¢ < 1, such that 


(4.1) P [ A\()) dt <¢ 


for large x. Let a, denote the first point to the left of z, at which y/(x) = 0. 
We may suppose that (4.1) holds for x > a, . 

We now write (3.1) with a, in place of x, and z, in place of x. Since y’(a,) = 0, 
we obtain 


ya) = ~ye,) / " Abd de — / ” A(u) du / y'(t) dt + [ ” Blu) du. 
Since y(t) > Oin a, < t < 2, , it follows that 


y'(xn) < | y(a,) | / % A,(u) du + | y(a,) | / 2» A,(u) du 
(4.2) * be 








+ / Ax(u) du [ y'( dt + / Blu) du 
Of the terms on the right of (4.2) the last approaches zero by (2.2); the third 
approaches zero by (2.1), since y’(t) is bounded. For the second, we have 


lim sup | y(a,) | / " A,(u) du < lim sup ae / " weAsles) de 


n7@ n—-@ 


< lim sup | y’(z) | | uA,(u) du = 0. 
For the first, we have, by (4.1), 
lim sup | y(a,) | [ A,(u) du < lim sup | y(a,) | / A,(u) du 


Qn a—-@ 


; 
< c lim sup He) 
< clim sup! y’(x) | = cM. 


2—-@ 
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Consequently, (4.2) implies 
lim sup y’(z,) < cM < M, 


contradicting the choice of the points z, . 
Case 2. Here we show that y’(x) cannot be unbounded. Assuming that y’(z) 
is unbounded, we can choose a sequence of points z, , x, — ©, such that 


(4.3) | y’(a) | > | y’(x) |, O<2<¢32,; 
y'(z,) has the same sign (which we may assume to be positive) for all n; and 


y'(z,) > ©. Leta, be the first point to the left of x, at which y’(x) = 0. We 
may suppose that (4.1) holds for z > a, . Now consider (4.2) again. By (4.3), 


(4.4) |ya)|< [ "Ly | dt + | yO) | < a | yes) | + | yO) |. 


We use (4.1) and (4.4) in the first two terms on the right of (4.2), and (4.3) in 
the third. We obtain 


( Zn Zn Zn 
y'@) Sy") an / Ad) du + / As(u) du + / wAa(w) dus 








+ | y(0) | z [A,(u) + A,(u)] du + [ B(u) dul. 
Using (4.1), we then have 
f . ) 
y'(z,) < y"(z,)\ ¢ + 2/ uA,(u) du? 
(4.5) = | 
+ (yO | f [Arey + Aste] du + | [” Bao ae, 








Since all the integrals on the right of (4.5) approach zero asn— ~, and0 <c <1, 
we reach a contradiction. Consequently, y’(x) cannot be unbounded. 


5. We now prove (2.5) when (2.4) holds. Suppose that (2.4) is true, but that 
y’(x) does not approach zero. Without loss of generality we suppose that 


(5.0) lim y’(x) = 2a > 0. 


r7@ 


We now refer to (3.1) and let x ©. Since y’(zx) is bounded, all the terms on 
the right of (3.1) approach limits, with the possible exception of 


(5.1) - [ A,(u) du a y’(t) dt. 





3) in 


in) 


| dul. 





that 


is on 
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Since y’(x) approaches a limit, this term must approach a limit also. 
(5.0), for large x) and x > 2» we have y’(x) > a, 


But, by 
[ y'(t) dt > alu — 2), 


[ A,(u) du [ y'(t) dt >a [ (s — 2) Arla) de: 


by (2.4), the last integral becomes infinite as r — ©, so that (5.1) cannot ap- 
proach a limit. This contradiction establishes (2.5). 


BIBLIOGRAPHY 
1. D. Catico, Comportamento asintotico degli integrali dell’equazione y’'(x) + A(z)y(x) = 0, 
nell’ ipotesi lim A(x) = 0, Bollettino della Unione Matematica Italiana (2), vol. 


3(1941), pp. 286-295. 


Duxke University, U. S. Navy Pre-Fuicut Scuoor, Cuaret Hitz, N. C., anp Massa- 
CHUSETTS INSTITUTE OF TECHNOLOGY. 








THE INFLUENCE OF GAPS ON DENSITY OF INTEGERS 
By R. SALEM AND D. C. SPENCER 


1. It is a well-known fact in the theory of sets of points that if a set E is such 
that the part of EF contained in every interval (a, b) has a measure less than 
6(b — a) (0 < @ < 1), then Z is of measure zero. 

The analogous theorem obtained by replacing in the preceding statement ‘“‘set 
of points” by “sequence of integers’’ and ‘‘measure’’ by “number of integers”’ is 
false (the length b — a being, for obvious reasons, not less than a certain lower 
bound /,), as is seen by the trivial example of the sequence of even integers. It 
is remarkable, however, that the picture changes completely if the missing 
integers in every interval are supposed to be consecutive—that is to say, if they 
form a gap. It has been found interesting to investigate this subject. 

We consider infinite sequences of increasing non-negative integers u, , U2, °°- , 
u, , *** , and we suppose always that the first number of the sequence u, = 0. 
By v(m) we denote the number of terms of the sequence which are not greater 
than m. If lim »(m)/m > 0, we say that the sequence has a positive density. 
If v(m)/m tends to zero, we say that the density of the sequence is zero; if, in 
this case, v(m)/m = O(¢(m)), we say that the density is at most of order g(m); 
if g¢(m) = O(v(m)/m), we say that the density is at least of order g(m); and if 
the last two relations hold simultaneously, that the density is of order g(m). 

Let w(x) be a non-negative, non-decreasing function of the non-negative 
variable xz. We say that a sequence has the complete gap property with respect 
to w if in any closed interval (a, a + 1) (a > 0,1 > l, > 0) there exists an open 
interval of length not less than w(/) which contains no point of the sequence. 
The open interval will be called a gap. That there exist sequences having a 
complete gap property with respect to some function (x) is not difficult to see 
by considering simple sequences like u, = (n — 1)’. 

It should be observed that by imposing on the intervals (a, a — J) certain 
restrictions which may seem trivial prima facie, such as “‘the end points of the 
intervals must belong to the sequence’, the character of the problem may change 
substantially and the results may be quite different. We do not propose to 
investigate these alternatives here. 

The following theorems will be proved: 


THEOREM I. [f the integral 
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is divergent, any sequence having the complete gap property with respect to w(x) has 
density zero. 


THEOREM II. Given any increasing function w(x) such that w(x)/x* decreases 
and the integral 
* w(z) 
ea dx 
1 ; 


converges, there exists a sequence of positive density having the complete gap property 
with respect to w(x). 


THeoreM III. Jf w(x) = 62, where 0 < @ < 4, any sequence having the complete 
gap property with respect to w(x) has a density of order m™* at most, where 


1 — 20 1 — 26 
a = log (i= = 28) [tog 2(1= 39 


THEOREM IV. If w(x) = 6x, where 0 < 0 < }, there exists a sequence having 
the complete gap property with respect to w(x) and having a density of order m“, 
where a has the value stated in Theorem III. 


THEOREM V. If w(x) = Ox, where 4 < 0 < 4, any sequence having the complete 
gap property with respect to w(x) has a density at most of order log m/m. 

THEOREM VI. Jf w(x) = Ox, where 4 < 0 < 3, there exists a sequence having 
the complete gap property with respect to w(x) and having a density of order log m/m. 


TuHeoreM VII. If w(x) > 42, there is no infinite sequence having the complete 
gap property with respect to w(x). 


We shall not attempt to give here a systematic treatment of the intermediate 
cases w(x) = e(x), w(x) = 4x — e(x), w(x) = $x — e(x), €(x) being positive and 
of order o(x) as x — &. It would be interesting to investigate these cases in 
detail, and to determine to what extent the methods of this paper are effective 
in treating them. 


2. Proof of Theorem I. Let u, (=0), w.,---,u,,°*: be a sequence having 
the complete gap property with respect to w. In the closed interval (0, m) there 
is, ifm > 1,, agap G, > w(m). Denoting the subsequence contained in (0, m) 
by U,, , we see that U,, is entirely included in two closed intervals. One of them 
has a length not less than $(m — G,) and so, if 4(m — G,) > |, , contains a gap 
G, > w(4m — 3G,). U,, is thus entirely included in three closed intervals, one 
of which has a length not less than 4(m — G, — G,). If this number is not less 
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than J, , we can continue. After k operations we obtain a sequence of gaps 
G,,G.,--- , G, such that 


= eee ere | 
G; > (*=4- ae S ‘) (i = 1,2, --- , k) 





provided 


m—G, —G,—--- — Gy, 


k > 


(2.1) 





But each open interval of length G; > 1 contains G; — 1 lattice points represent- 
ing integers, and so 


v(m) < [mM] +1-—->G-)<m+k4+1-DLG,. 


That is to say 


m—G, — G,— -:: —G, 
k 


wm) k+l 
k ae 








= 
and hence if we choose k such that »(m)/k — 2 > 1, , the inequality (2.1) will be 
satisfied. We take 
mad | ms | 
l, + 2)’ 
|z| denoting as usual the integral part of z. Then (for m large enough) 
(2.2) a-¢«@~.-. See ae eee 


+23. °* 3 


From this inequality we have 


G, > w(m) > o(@), 
. m— G, <n) 
1, > of ———) > of 
G, => o( 5 ) > o( 9.9)” 
nm — G, — --- — G,, v(m) 
G, > of k ) > of im), 


This gives immediately, w(x) being non-decreasing, 


G+Q+--4+G> / o(<) dy > [ ‘o(&) dy. 








858 R. SALEM AND D. C. SPENCER 


Let y = v(m)/2z; then 


Gi + -:-- +a2>— oe 2) a0, 


— 3 Sra = 


and so by (2.2) 


m > »(m) [1 a iste 2) ap | 


2 Jacte+2) 20” 


That is to say 





v(m) 2 
Mm $s }v(m) w(x) 4 
1+ [ —— @s 
h(le+2) 2 


a result which implies Theorem I. 

Theorem III will show that this inequality, sufficient to prove Theorem I, 
does not give any precise information as to the order of the density when the 
density is zero. 

Before proving Theorem II we shall investigate some of the properties of a 
particular type of sequence of integers. 


3. Study of a particular type of sequence of integers. We define a sequence U: 


u(1) = 0, u(2), u(3), trey u(n), 


by the series 


u(n + 1) = Ngo + He + [|e +--+ [| + 2%, 


where the g, are integers satisfying 
921; g 20 (p 2 1), 


and where [z] denotes the integral part of z. The series obviously breaks off and 
so contains only a finite number of terms. Since g, > 1, u(n) is plainly a strictly 
increasing function of n. 
If the series » Be Gp converges, let ¢ be its sum; we have u(n + 1) < no and so 
0 2? 
the sequence is of positive density. If this series diverges, it is easily seen that 
u(n)/n increases infinitely with n, and so the sequence has density zero. 


If n is written in the dyadic system 


n= 6&2" + 6€2" '+--- +, (e, = Oor 1), 








nd 





DENSITY OF INTEGERS 859 


we plainly have 


(3.1) u(n + 1) = eu(2™ + 1) + €,u(2™™' + 1) + --- + €,_,u(3) + «,u(2). 


That is to say, u(m + 1) is derived from n by the replacement, in the dyadic 
development of n, of 2” by u(2* + 1). 

An integer m being fixed, let us now consider the set S,, of the first 2" numbers 
of the sequence: u(1), u(2), --- , u(2"). We shall prove that the sequence U 
consists of an infinity of sets S,, , Si, , S%,, --- each of them being the result of 
a mere translation of S,, , and two successive sets being separated by a gap. In 
fact, every natural number can be written uniquely in the form g2™ + k, q and k 
being integers, and k belonging to the sequence 1, 2, --- , 2”. Hence 


u(q2” + k) = u(k) + T,, 


where 7’, is equal to u(g2™ + 1) and so depends on g but not on k. Thus S¢% is 
the translation of S, by T,. The sets S% will be called sets of the type S,, . 

We observe that for every fixed m the sequence U can be split into a family 
of sets of type S,, , of 2" terms each, that S,,,, consists of S,, + S, , and that 
between S,, and S}, there is a gap of length 


u(2™ + 1) — u(2™) = 2% + 27g, +--+ +o 
_ [(2” a7 1)9o + a ve 1)9, + _* + (2 — 1)g..-1] 
= Jot git +> + Gn-1 + Ym = Yuri» 


say. Furthermore between any two sets of the type S,, there is a gap at least 
equal to y,,,, , for it is easily seen that 


u(q2” + 1) tan u(q2™) > Jo + Ji + eee + Ju - 


We have proved incidentally that every set S%, has a center of symmetry and 
that there is a gap of length y,, which lies in the middle of the set. The distance 
between the first and last terms of the set S%, is of course u(2”™). 

We proceed now to study the complete gap property of the sequence U by 
proving two lemmas. Let an interval of length / be given and let us suppose that 


(3.2) u(2") + 2y, <1 < u(2"*') + 2yas.- 
We can then write 
l= u(2”) + 27, + 2, 
where 
0< 2 < Qyn.: — 2yn + u(2"*") — u(2"). 


We begin by proving the following result: 
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Lemma I. Jn every interval of length | satisfying (3.2) there is a gap which is at 
least equal to 


(3.3) G()) = min (yn + 32, Ym+1)- 


Let a > O and b = a +l be the end points of the given interval. We say that 
a point lies in a set S§% if it lies in the closed interval whose end points are the 
first and the last points of S$. We consider the following different cases: 

(1) Neither a nor b lies in a set of the type S,,. (i) If they lie in the same gap 
separating two sets of the family, there are no points of the sequence in (a, b) 
and so the gap is at least 2y,, + 2 > y, + 3x > G(l). (ii) If they lie in two 
different gaps separating sets of the type S,, and if there are at least two sets of 
the type S,, between a and b, then the interval (a, b) contains a gap not less than 
Ym: > G(l). (iii) If they lie in two different gaps separating sets of the type 
S,, and if there is only one set of the type S,, between a and b, let a be the distance 
between a and the first point of the set, and 8 the distance between b and the 
last point of the set. Then a + 8 = 1 — u(2”) = 2y,, + x and hence at least 
one of the gaps a, 8 is not less than y,, + 3a > G(l). 

(2) Both a and b lie in a set of the type S,,. The points a and b obviously can- 
not be in the same set, and thus there exists in (a, b) a gap not less than y,,,., = 
Gil). 

(3) One of the points a, b lies in a set of the type S,,, the other in a gap separating 
two sets of the family. (i) If this gap is not contiguous to the set, there is in (a, b) 
a gap not less than ¥,,., > G(l). (ii) If it is contiguous to the set, then the 
distance between the end point of (a, b) not lying in the set and the nearest point 
of the set is at least 1 — u(2") = 2y,, + x > vy, + $x > Gil). This completes 
the proof. 

We add that the consideration of the hypothesis (1) (ii) in the case in which 
the center of the interval (a, b) is the center of a set of the type S,,,, and the 
consideration of the hypothesis (1) (iii) in the case in which the center of the 
interval (a, b) is the center of a set of the type S,, show that the result (3.3) is a 
best possible one when the length of the interval satisfies (3.2). 

From this result we deduce the following lemma: 


LemMa II. Suppose that w(x) is a non-negative, differentiable, non-decreasing 
function for x > 0, and that w'(x) < 3 forx > x. Then a necessary and sufficient 
condition that the sequence U should have the complete gap property with respect to 
w(x) is that form > m, 


(3.4) Ym > wlu(2") + 2y,,]. 


The reason for the restriction w’(z) < 4 will appear below in the proof of 


Theorem VII. 
The necessity of the condition follows from (3.2), (3.3) and the remark at the 





at 


of 
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end of the proof of Lemma I. To prove that the condition is sufficient we have 
only to prove that it implies 

Ym + 3x > wlu(2”) + 2y,, + 2] 


for 0 
w’(y) 


< 2¥ms1 — 2y, , and this follows immediately from the hypothesis 


<2 
< 4 if y is large enough. 


1. Proof of Theorem II. We observe first that if the sequence U has positive 
density and if 


then 
u(2") + 2y,, = (2" + Igo + (2% + Dor + +++ + 8gn-1 
<2 gy Hes + 2 gn-1 < 2"*"'e. 


This shows immediately, without use of Lemma II, that if y,, > w(2"*°e), the 
sequence will have the complete gap property with respect to w(x). For G(i) is 
at least y,, for 2"*°o < 1 < 2"*%o. 

Now let w(x) be a positive increasing function for x > 0 such that w(x) /2° 
decreases and such that 


converges. Then the series 


converge. 
We define the sequence U by 


ul 1) = nd [ala t---+[Sln+-, 
(n + Ngo + 9 |9 9 g 


‘ 


where 
@ =1,g,=O0forl<scpsh—- I, 
J» = |w(2”**)] + 1 for p > h, 

h being taken large enough to insure that 


: at} 


> 


eq 4. 
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We then have 


IS 


- 2 <2 
o > — 
and 
Ym > Jm-1 > w(2"**) > w(2"*7o) 


form >h-+ 1. Hence the sequence has the complete gap property with respect 
to w(x) for] > 1, = 2°**. We note that by taking J, large enough we can have a 
density as near to 1 as we please. 


5. Proof of Theorem III. Let u,(= 0), u.,---,u,,--- be a sequence having 
the complete gap property with respect to @x for 1 > 1, , where 0 < @ < }. 
Lemma III. Let u, v be two numbers of the sequence satisfying 


(5.1) yv-ur->l, 


9 — 
(5.2) u> ie | 


Then in the interval (u, v) there is a gap of length not less than 


6 
@ — u) [3 





Suppose not, and let I be the length of the maximum gap in (u, v). The 
inequality u > 6v/(1 — @) is equivalent to u > 6(v — u)/(1 — 26), and hence 
we have u > I. Consider now the interval (u — T,v + 1). It must contain 
a gap of length not less than 0(v — u + 21). But this gap cannot be greater 
than I since u, v are points of the sequence, and so > @(v — u + 271); that is, 
r > 6&(v — u)/(1 — 26), contrary to hypothesis, and the lemma is proved. 

It will be useful to observe in the applications of the lemma that if u > 
6v/(1 — 6), we have a fortiori u’ > @’(1 — @)ifu< wu’ <v’ <». 

We shall henceforth write, for the sake of brevity, 


re 
OO in 


where p satisfies 0 < p < lsince 0 < 0 < }. 


Lemma IV. Let G(x) be a function equal to zero for0 < x < I, and to px for 
x>,. Thenif a, ,a.,-+-* , a are non-negative numbers such that 





me FE > 


(5.3) 








ct 


ag 


for 
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we have 
G(a,) + G(az) + --- + Gla) > pla, ta,+ +--+ $a —k— 14h). 


It is impossible by (5.3) that all numbers a; be less than |, . Suppose that we 
arrange them in order of magnitude, and that 


4S5a20°*° SQ <b SG less Su. 


Then 
- 


>» G(a;) = p@Qasi tree + ay) > e(>_ od hly) 


i=1 i=1 


“ 
> ep(Qoa, — k — 1h). 
i=l 
Lemma V. Let u, v be two numbers of the sequence satisfying the inequality (5.2), 
and writev — u = m. Let u(m) be the number of terms of the sequence in the closed 
interval (u,v). Then we have u(m) < Cm?®, where 8 = log 2/log [2/(1 — p)] and 
C = C(6, l,) is a number depending on 6 and l, only. 


In fact, let I’) be the gap of maximum length in (u, v), or one such gap; this is 
tacitly understood hereafter. By Lemma III we have, if m > 1, (G(x) being the 
function defined in Lemma IV), Ty > G(m) = pm. Let I and I; be the lengths 
of the maximum gaps in the two intervals of lengths m; and m; , contiguous to 
Tr, . We have by Lemma III Tr} > G(mj), T2 > G(m}) and by Lemma IV, if 
my + m2 > 2l,, 


ry + r > p(m; + m2 — lk) = p(m - Ihe- I). 


We have now four intervals of lengths m? , m3} , m3 , m4, contiguous to T, , T} , 
Tr; (some of them may reduce to points), and arguing in the same way we have, 
if mi + mz + ms + mi > 2L,, 


M+ Ti+Ts+ i> em — TT) — Ti — 12 — 3h). 
In general, writing Pf + T} + --- + Th = m, we have 
(5.4) r, > p(m—%r%)—-Nh-— **: ee Pe 
provided that 
(5.5) m— (ro tt tees +t) > Wh. 


Now each open interval of length T > 1 contains [ — 1 lattice points represent- 
ing integers. Hence 


u(m) < m+1— > ¢; — 2’) = m+1—-M+-:- +n) +2" -1, 


7-0 
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that is, 
(5.6) m— (ro tr, tee: +r) > wm) — 2", 
and the inequality (5.5) will thus be satisfied if we take 
(5.7) u(m) > 2*(lo + 2). 
We fix an integer k satisfying (5.7), and write 
meh eH SD ss Hy, 

We have then by (5.4) 

8, — 8-1 > pm — ps,_, — pl, 2", 


or 


IV 


(5.8) & — (1 — p)s&-, pm — pl,,2": 


and in the same way 


S-1 — (1 — p)&-2 = pm — pl,2' ) 


(5.9) 
8, — (1 — p)8& > pm — pl,2, 
So 2pm . 
Multiplying the inequalities (5.9) by (1 — p), (1 — p)*, --- , (1 — p)* respectively 


and adding to (5.8) we obtain 
= 
8, >' pm >, (1 — p)’ — pl,[2° + 2°-"(1 — p) + «+: + 21-— p)' '], 


and so by (5.6) 


| ad (1 _ k i | — Nn 
m — p(m) + 2°*' > om| ~alll. — pl,2 z > el, 
that is to say, 


u(m) < m(l — p)**' + (plo + 1)2**'. 


We now fix k as the greatest integer for which 2‘*7(/, + 2) < u(m). Then the 
inequality (5.7) is satisfied a fortiori and we have 


(pl, + 1)2°*' < (Ll, + 2)2**' < 3y(m). 





he 
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Hence u(m) < 2m(1 — p)**’, where (by definition of k) 2*** > yu(m)/(l, + 2). 
The last two inequalities give us the order of u(m). We have 





log u(m) < log 2 + log m — (k + 1) log = | 
all 
k + 1 > emlm) — log (lo + 2) _ o 
log 2 
and so 
log A 
log u(m) < log m — log u(m) —— 
log (lo + 2) ) — ‘ 
+ ( log 2 + 2 10g Types re + log > 


That is to say, 


——? log u(m) < log m+ A, 


where A is a constant depending only on J, and p, i.e., only on /, and @. We thus 
have the result stated, namely u(m) < Cm*, where 8B = log 2/log [2/(1 — p)] and 
C depends on /, and @ only. 


Lema VI. Leta = 16/(1 — 6) (1 >0). Then the number of terms of the sequence 
lying in the closed interval (a, 1) is less than C(l — a)*, where 8 and C have the same 
meaning as in the preceding lemma. 


For let u be the first term of the sequence greater than or equal to a, and v the 
last term of the sequence less than or equal to /. The number of terms m (a, /) 
is u(v — wu). By Lemma V 


p(y — up) < Civ — u)? < cil - a)’, 


since u > 6v/(1 — @). 

We now prove Theorem III. We consider the interval (0, m), and denote by 
v(m) the number of terms of a sequence satisfying the hypothesis of Theorem III 
and lying in that interval. 

Let J, be the interval (mé*(1 — 6)~*, me*"'(1 — @)'™*), s = 1,2, +--+. The 
sum of the lengths of these intervals is 


| — 20 A 6 . 
m 4/1 474,+(-4) +o] =m. 








866 R. SALEM AND D. C. SPENCER 


On the other hand, by Lemma VI, 


8 
co sont a2 4 (EY + (Pa) +] 
ae ae ss ial 
ae a ete C\m', 


C, depending only on J, and @. Hence the density of the sequence is at most of 
order m “, where (p being replaced by 6/(1 — 26)) 


2 
a =1-6=1-bgi/kg 7 = ie (1 = 28) / tog 2(1=2 


6. Proof of Theorem IV. We consider a sequence U of the type 








u(n + 1) = ngo + He +--+ [| + cee (go = 1, g. = 0). 


By Lemma II this sequence has the complete gap property with respect to éx 
(0 < 6 < 3) if for m > m, the condition 
Ym 2 Ofu(2") + 27a] 
is satisfied. This inequality can be written: 
(go + 91 + -** + Gm-1) 
> O[(2"Go + 2™"gi + +++ + Wm-1) + (Go + +++ + Gm-r))- 


That is to say 
pat 9 Bienes ta] 
(6.1) Jo + + Yn-1 2 — rh E + 2 + . on! | 


We suppose that a is a positive number greater than 2, and take 








Jo = 1, 9. = [a*] (k = 1,2, +++). 
Then 
ote + Grr 21+ Va@—-)= 
(6.2) ei ™ 
a m 
' g . a (3) (2) — | 
te, + + oe SI tOt: + 9 SS ae 





; of 


Ox 
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so that 
6 m ** Jm—1 6 a” 6 2" 
(6.3) orlat +H] <2. , 1— 6a 1 
2 2 
If we take 
eae 
a—-1l 1—6@6a : 
37 1 
that is to say 
_ Al- 24, 0 <6 <}), 


1 — 30 


we have from (6.2) and (6.3) that (6.1) is satisfied for m greater than some m, . 
Finally 





ue) <2] +24 ae +t] out 


oo a ae 


Hence if 


n n+l 
: <m<— i, 
=~. a1 








we have v(m) > 2", where »(m) is the number of terms of the sequence not 


exceeding m. But 
a 
log m + log (2 - ) 


aetilo-— log a ~— 





and so 





a 
log v(m) ais log m + log (: ma .) 
log 2 log a log a . 


That is to say 
v(m) > Cm'* 8 * = Cm‘, 


where 


and C' depends only on @. 








SOS R. SALEM AND D. C. SPENCER 


As application of Theorems III and IV we notice that any sequence having 
the complete gap property with respect to the function }2 has a density of order 
m~* at most, and this order can actually be attained. 


7. Proof of Theorem V. We begin with two lemmas, in which we treat the 
cases 6 > 4 and 6 = } respectively. 


Lemma VII. Let u and v (u < v) be any two points of a sequence having the 
complete gap property with respect to 0x (4 < 0 < 4), and suppose thatv —u>|,. 
Then 


For suppose that v < (1 — @)u/(1 — 20). Then 


v—4u< (i=! - i). — - u 
1 — 20 ~ 1-20” 


that is 


Since 6 > 4 we can find a number 6’, § < @’ < @, such that 


(= )¢ —ur <u. 
6’ 


6’ being fixed in this way, we consider the interval whose end points are u — 
(1 — 20’)(v — u)/0’ > O and v + (v — u). This interval has a length greater 


than J, , and the largest gap contained in it cannot exceed v — u, since 6’ > } 
£ £ 3 


and so (1 — 20’)/@’ < 1. Hence 
v—-u> | 2 —u)t+ att __A (v — |, 
6’ 


that is, 


Q” 


a result which contradicts 6 < @ and so proves the lemma. 


The lemma shows that the sequence u, = 0, uw, --* , 4, , °° + Consists of terms 
UU, , +--+, U,, +--+ (Uy, = w) satisfying 
1-—#@6,, 
Uo Pei 





ing 
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together with terms which are all included in the open intervals U, < x < 


U.+h. 


Lemma VIII. Let u,v, w (u < v < w) be any three points of a sequence having 
the complete gap property with respect to 4x, and suppose thatw — u >l,. Then 
w > Qu. 

For suppose that w < 2u. Then w — u < u, and so a fortiori w — u — 
1 <u. We consider the interval whose end points are u — (w — u — 1) > 
0 and w + (w — u — 1). This interval has a length greater than J, , and the 
largest gap contained in it cannot exceed w — u — 1 since the interval (u, w) 
contains at least the point v. Hence 


w—-u—1> 3{(w — u) + Aw — u — 1)) = w — a — 3, 


a relation which is impossible. 


The lemma shows that in the case @ = } the sequence u, = 0, vw. , --* , %, 
consists of terms U, , U,,--- ,U,, +--+ (U, = ue) satisfying 
‘ . 1— 60 
U,> gah ree 2 5 
, > 2U,., Ta 29 Ue 


together with (1) terms which, as in the preceding case, are included in the open 
intervals U', < 2 < U, + l, ; (2) one additional term which may be elsewhere 
in the interval (U’, , U,.,). 

We now prove Theorem V. Collecting the results of our two last lemmas we 
see that if u, = 0,u.,---,u,, +++ isasequence having the complete gap property 
with respect to 0x (4 < @ < $) andif U, < m < U,,, , then the number v(m) 
of terms of the sequence not exceeding m is at most | + 2¢ + ql,. But 


that is to say, 





q-1< log U,___ <— _log_m ; 
l (; =$) ioe (; =4) 
© \1 — 20 © \1 — 20 
and so 
wm) S (lo + 2) As o\ + eo +3), 
log ( *) 
v(m) LW 1 log m RB 


4 7 -_, ; 
a. '= Bi ofl m m 
r 
log , — 936 
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where the numbers A, B depend only on J, and not on 6. These values for A, B 
are not the best possible. 


8. Proof of Theorem VI. We prove first two lemmas. 


Lemma IX. Let u, , U2, -** , Un , *** be an increasing convex sequence of 
integers; that is, the gaps u,., — U, = g(n) are non-decreasing. Suppose that 
un <1 < u,,, and writel = u, + x (0 < & < g(n)). Then in every inierval 
(a, a + l) (a > O) there is a gap of length not less than 


G(l) = min{max (zx, g(n — 1)), $(u, + 2)}. 


(1) If a, a + l lie in the same gap of the sequence, there is nothing to prove 
since / = u, + x > G(l). 

(2) If a, a + 1 are in two consecutive gaps of the sequence, there is in (a, 
a + l) a gap at least equal to 31 = 3(u, + x) > Gil). 

(3) Suppose that (a, a + 2) contains an interval (u, , u,.,). Ifa < wei, 
(a, a + lL) necessarily contains a gap of length not less than g(n — 1) and a gap 
not less than min (a + 1 — u, , g(n)) > min (1 — u, , e(n)) = min (2, g(n)) =z 
and therefore a gap of length not less than max (x, g(n — 1)) > Gi). Ifa> 
u,-, , then s > n and so (a, a + /) contains a gap of length not less than ¢(n) 
> max (z, g(n — 1)) > Gil). 

Consideration of the cases (2) and (3) (with a = 0) shows that the value of 
G(l) cannot be improved. 


LemMa X. Suppose that w(x) is a non-negative, differentiable, non-decreasing 
function for x > O and that w(x) < 42, w(x) < lforx > x. Then a necessary 
and sufficient condition that the convex sequence defined in the preceding lemma 
should have the complete gap property with respect to w(x) is that forn > no 


(8.1) g(n — 1) > w(u, + g(n — 1)). 


The reason for the restriction w(x) < 432 will appear below in the proof of 
Theorem VII. 

The condition is necessary by Lemma IX with x = g(n — 1). To prove that 
it is sufficient we have to show that 3(u, + 2) > w(u, + x), a relation which 
results from our hypothesis; and alse that 


(8.2) x > w(u, + 2) 


when x > y(n — 1). But (8.2) is an immediate consequence of (8.1) and the 
hypothesis that w’(y) < 1 for y large. 
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We now prove Theorem VI. We suppose that 4} < 6 < 3, and take the 
sequence defined by 


1 — 6 \" 
w=[(G=5)]-» n>32:; u, = 0, 


where [z] denotes the integral part of z. The sequence is convex since 
(1 — 6)/(1 — 20) > 2 and so 


1-¢ 1-*¢ 1—e@\" 
(3-5) +(e oy" -2-2(3=$) 
1—6\""| 1-86 9 

(i=5) [t=$-1]-220, 


forn > 3. Similarly u; — 2u,. > 0. 


Moreover, the sequence has the complete gap property with respect to 6x. 
In fact, by Lemma X, it is sufficient to prove that 





Uns, — 2a + Un-1 


IV 





I 


Un, — Up-1 > O(2u, — U,-,), 
that is 
u,(1 — 20) > u,_,(1 — 8). 


But we have for n > 1 


1 — @\" 1 — 0 
u, > (, =#) —1-—n, Ma-3 < <(2=5)" — (n — 1), 


and so it is sufficient to prove that 


1-—6\* 1—e6\* ial 
(is ~i-e (=5) -m- (3-9), 
eo 
(n — (34) >n+1, 


a relation which is true for n > 3 since (1 — @)/(1 — 28) > 2. 
It remains to find the order of the density of the sequence. Suppose that 
u, <m <Uu,,,. Then v(m) = n, and since 





or 


1—@\"" 
Uns < 1 =) —_ (n + 1), 
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we have 


log u,.1 < (n + 1) log (A=4). 








Hence 
v(m) > i. — 1, 
lo (i= 
e\1 — 20 
v(m) 1 log m 1 
Ea , ( . < e m m 
"Ee \1 — 20 
This completes the proof of Theorem VI. 
9. Proof of Theorem VII. This theorem is trivial and we give it only for 
completeness. 
Let u, v (u # 0), (u < v) be two points of the sequence, and consider the 
interval (u — 1, 2v — u). The maximum gap in this interval is v — u, whereas 


the length of the interval is 2(v — u) + 1. Thus if w(x) > 32, we must have 
2(v — u) + 1 < l,, that is to say, the sequence is finite. 
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AFFINE GEOMETRY OF VECTOR SPACES OVER RINGS 
By C. J. Everett 


1. Introduction. The intuitive ideas involved in the “geometry” of the 
points with integer codrdinates (lattice points) in the affine real plane and the 
subsets (lines) of such points which are in alignment are here abstracted to their 
essential content, in the spirit and with the methods of E. Artin’s investigation 
on affine geometry [1]. The unusual character of such a “plane” geometry arises 
from the fact that parallel lines eannot be defined simply as lines which do not 
intersect. It is curious that parallelism may be introduced as an abstract 
equivalence relation with certain natural properties. 

In §2, a geometry of points and lines is defined in a 2-space over a general type 
of ring and is shown to have certain geometric properties I-VII. These properties 
are then adopted as axioms for an abstract geometry of undefined points and 
lines in §3 and are proved by introduction of coérdinates to completely char- 
acterize the 2-space geometry. 


2. Affine geometry in a 2-space over a ring. Let R = (0, 1, a, 8, ---) bea 
ring with unit (la = a =al) and no zero divisors (a8 = 0 implies a = 0 or 
8 =0). Ifa = By we say y divides a. There will be no occasion to consider left 
divisors. Suppose further that every two elements a, 8, not both zero, have a 
g.c.d., i.e., there is a 6 which divides a, 8, and which is divisible by every 6’ 
dividing a, 8. 

A number of properties of such a ring, embodied in the following lemmas. will 
be needed. 


LemMA |. Jf 6,6, = 1, then 6,5, = 1 and 6, , 6, are units. 
For 6.(6, 6, —_ 1) = (625, ) 5, = 6, = 6. = 6, = 0. Since 5, * 0, 6, 5, = Ba 
Lemma 2. If dis ag.c.d. of a, 8, then dy is a g.c.d. of ay, By. 


Let 8’ be a g.c.d. of ay, By, and write a = a,6, 8 = 8,4, ay = a8’, By = B28’. 
Since ay = a, by, B = B, dy, & divides & and 8 = 6,éy. Thus ay = a6,%, 
By = B25, 6y, and therefore 5,5 divides a, 8. Hence 6 = 6,6,5, 5.5, = 1, and 
5’ = wéy, where w = 4, is a unit. Every common divisor of ay, By divides & 
and hence dy. 


Lemma 3. Relations a,5 = a,6’, 8,5 = 8.5’, where none of the pairs (a, , 8,), 
(ay , Bz), (4, 8’) is the zero pair (0, 0), and where the former two pairs are relatively 
prime (g.c.d. = 1), imply a. = a w, By = 8, w, where w is a unit of R. 

Received May 20, 1942. 
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Since 6’ divides a,6, 8,4, 6’ divides 6 (Lemma 2). Similarly 6 divides 8’. 
Hence 6 = w, 6’, 6’ = w6. If (say) 6 ¥ 0, 6 = ww.d, 5(1 — ww.) = 0 and w, is 
aunit. Hence a,6’ = a,6 = awd’, a. = aw,. Similarly 8, = Bw, . 

For such a ring ® consider the vector space V(R) of all elements (a, 8), a, 
BeR. By AG(V(®)) is meant the geometry consisting of the elements as points, 
and of the sets of points (called lines) of type (a + ux, 8 + vx), where « is arbitrary 
in R, a, B fixed, and yp, v not both zero, fixed, and relatively prime. The lines 
(a + px, 8 + vx) and (a’ + y’x, B’ + v’x) are identical (consist of the same points) 
if and only if, for some x e R, and some unit w, a’ = a + ux, B’ = B+ »« and 
pu’ = wo, v’ = w. This is an immediate consequence of Lemma 3. Hence, if 
(a’, 8’) belongs to the line (a + ux, 8 + vx), the latter may be written (a’ + yk, 
B’ + vx). 

It is natural to say a point is on a line in case it is in the point set of the line. 
Now define the relation (a, + yx, 8, + »«) || (a2 + wox, Bo + vox) on lines 
(parallelism) to mean there is a unit w e R such that uw. = pw, v. = vw. (1) This 
is determinative, reflexive, transitive. 

It is elementary to check that (II) every line (a + «, 8) cuts every line (a’, 
B’ + «); (III) (a, 8) and (a + yu, B + v) are distinct points on line (a + uk, 
8 + vx); (IV) every two distinct points (a, , 8,), (a2 , 82) are on one, and only one, 
(Lemma 3) line: (a, + yx, 8, + vx), where a, — a, = pb, B, — B, = vb, 6 = g.c.d. 
a, — a, , B. — B, ; (V) for every point (a, , 8,) and line (a + yx, 8 + vx) there is 
exactly one line (a, + yx, 8, + vx) on the point and parallel to the line. 

A translation in this geometry is defined as a point-to-point mapping o(P) = P’ 
which is either the identity, or which (a) is one-one, (b) has no fixed point, 
(c) preserves parallel lines: P U Q || «(P) U o(Q), all P, Q(P U Q, the unique 
line on P, Q), (d) has parallel “traces”: P U o(P) || QU o(Q). 

Obviously o(a, 8) = (a + uw, B + »v), u, » fixed, is a translation. Conversely, 
every translation ¢ is of this type. For, let o(0,0) = (u, v) # (0, 0), uw = wu, 4, 
vy = »,6, 6 = g.c.d. yp, v, and let (a, 8) be any point not on the line (,«, »,.«), with 
a = a@,6,,8 = B,6,, 6, = g.c.d.a,8. If o(a, 8) = (a’, 6’), then by (c), a’ — wp = 
a,5, , B’ — v = 6,4, , and by (d), a’ — a = wd; , B’ — B = »,46,. From the 
latter one has a,(6, — 6.) = u,(6 — 6,), B,(6, — 6.) = »,(6 — 6,). By Lemma 
3,a° =a+y,f8’ = 6+». A similar argument establishes the result for (a, 8) 
on line (4,«, vx) using instead of (0, 0) a point not on (ux, x). 

Thus (VI) for every two points P, Q there is a translation taking P into Q. 

Since the correspondence 7 — [a, 8] is one-one from the set 7’ of all translations 
to a complete 2-space of pairs [a, 8] over R, where 7(0, 0) = (a, 8), and rr’ — 
la + a’, 8B + B’] when 7’(0, 0) = (a’, 6’), it follows that 7’ is isomorphic to the 
2-space over §. 

Finally, we shall establish a fundamental property (VII) of the endomorphisms 
of T by means of the following lemma, which seems to have intrinsic interest. 

Two vectors [a, , B,], [a, , B.] over R are said to have the same slope in case 
a, = af6,, 8, = Bib, , a, = afd,, B, = B36,, 6; = g.c.d.a;, B; imply af = aw, 
85 = Bw for some unit w e R. An endomorphism of T is any mapping 6 of 7’ 
into 7 such that ({a, 8] + fy, 6])@ = [a, BJ@ + fy, 4]é. 
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Lemma 4. An endomorphism of T such that [a, 8)@ = [a’, B’| has the same slope 
as [a, 8] whenever [a’, B’| ¥ [0, 0] ts defined by [a, B]@ = fay, By] for some fixed 
y ¢ R, and conversely. 


Let [1, 0]6 = [y, , 0], [0, 1]@ = (0, y.]. Then [1, 1]@ = [y, y] = [1, 0]@ + [0, 1Jje = 
ly: » ¥2], whence y, = y. = y. Since [a, 1]@ = [a, O]@ + [0, 1]@ = [a’, 0] + 
[0, y] = [a’, y] and [a, 1]@ = [ap, yw], then » = y and a’ = ay, [a, 0]0 = [ay, 0]. 
Finally [a, 8]@ = [a, 0J6 + [0, 8]@ = [ay, By). 

For every set of parallel lines having the form (a + yx, 8 + vx) every transla- 
tion r ~ 0 with these lines as traces must have the form [yy, vy], since r(0, 0) = 
(uy, vy) for some y e R. Thus (VII) for every class of parallel lines, there is a 
translation [u, v] such that every translation with this class of lines as traces is 
of the form [z, v]@ for some slope preserving endomorphism @ of 7’. 


3. Axioms for a lattice point geometry. In this section is developed a set of 
purely geometric axioms completely characterizing AG(V(®)), following Artin 
[1]. Consider two classes of objects: points P, Q, R, --- , and lines 1, m, n, --- , 
with two undefined relations: P e/ and / || m (P on I, l parallel to m), subject to 
the axioms: 


Axiom I. Parallelism is an equivalence relation throwing all lines into disjoint 
classes &: 1 || l; l || m implies m || l; 1 || m and m || n implies | || n. 

Axiom II. There is a parallel class %, and a line |, e’ &, such that for every line 
1, e%, there is a point P onl, andl,. There is a line cutting every line of the class %, . 


Axiom III. There are at least two points on each line. 


Axiom IV. For every two distinct points P, Q there is a unique line P U Q with 
P, Q thereon. 


Axiom V. For every point P and line | there is exactly one line m || | with P on m. 


DEFINITION. A mapping ¢ of all the points P into a subset: ¢(P) = P’ is called 
a dilatation in case for every two distinct points P ¥ Q there is a line! || PU Q 
with o(P) and «(Q) on l. 


THEOREM 1. A dilatation o is completely determined by images of any pair of 
distinct points. Either o(P) is constant: o(P) = Q forall P, or o is one-one: 
P # Q implies o(P) # o(Q). 


For the proof, see [1; Theorem 1]. 
Remark. One-one dilatations need not have inverses; e.g., (a, 8) = (2a, 28) 
in AG(V(C)), where C is the ring of rational integers. 


Coro.uary 1. A dilatation has either all points fixed (identity 1(P) = P, all P), 
or one point fixed, or no point fixed. 
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From this point, all dilatations are supposed one-one. 
DerFinitTion. If o is a dilatation, any line 1 with P and o(P) on 1 is called a 
o-trace of P. If P is not a fixed point, it has a unique trace. 


THEOREM 2. If Q is onl, a o-trace of P, then o(Q) is on l. 
Coro.iary 2. Jf o(P) = P, o ¥ 1, every a-trace contains P. 
CoroLiary 3. A point Q on two distinct o-traces is fixed. 


Derinition. If ¢ = 1, orif o has all traces parallel (and hence no fixed point), 
a is called a translation. 

Remark. A dilatation ¢ ~ 1 with no fixed point need not have parallel traces; 
e.g., (a, 8) = (1 — a, 1 — B) in AG(V(C)), where the C are rational integers. 


Axiom VI. For every pair of points P ¥ Q, there is a translation rpg such that 
teg(P) = (Q). 


Coro.uary 4. A translation ¥ 1 is completely determined by the image of one 
point. Hence the translation of the above axiom is unique. 


If r(A) = B, C e’ AU B, then 7(C) is the unique point common to / on B 
|| AW CandmonC || AU B. But then 7(D) for De A U B is uniquely deter- 
mined by the same argument since D e’ C U 7(C). 


Corotuary 5. If Cel || AU Band Bem || A U C, then l and m have a 
common point. <A parallelogram with three vertices has a fourth. 


Since the translation r4¢ takes A into C, r4¢(B) is onl and m. 
THEOREM 3. The set T of all translations is an Abelian group. 


If +, and 7, are translations, 7,7. is also. We may suppose that neither 7, nor 
tT, = 1. If 7,7.(P) = P, then 7, and 7, have the same class of traces. If Qe’ PU 
t2(P) and 7,7.(Q) # Q, then Q U 7,7,(Q) || PU 7.(P). But P « 7,7.(Q) U Q, 
whence Q LU 7,7.(Q) = P U 7.(P). The contradiction implies 7,7.(Q) = Q 
and 7,7, = 1. Nowif 7, , 72 have the same traces, 7,7, must have parallel traces. 
If 7, , t. have different traces, then r,7. = 727, [1; Theorem 5]. Suppose 7, , 7, 
have different traces. We prove that, for P # Q, PU 17.(P) || QU 7172(Q). 

Case 1. Qe’ PU7,(P), Qe’ PU 7,(P). Then PU Q &’ trace class of 7, , 
PU Qe’ trace class of r,. Hence if rpg is the P > Q translation, tpg7,72(P) = 
7,72(Q), and P U 7,7,(P) || QU 7,72(Q). 

Case 2. Q = 7,(P) or Q = 17.(P). Suppose the former. Then 7,(Q) = 
T.7,(P) = 7,72.(P), and 7,(7.Q) U Q || P U 7,7.(P). Also 7,(7.Q) U Q = 
7,(7,72P) U 7,(P) || 7:72(P) U P. 

Case 3. Qe PU 7,(P) orQeP U 7,(P), but Q # 7,(P) and Q # 7,(P). 
Let P’ = 7,7,(P). ThenQe’ P’U 7,P’ andQe’ P’U 7,P’. By case 1, PU 
7,72(P) || P’ U 27,72P’ || QU 7,7.Q. This completes the proof that 7 is closed 
under multiplication; hence we have the “‘little’’ Desargues theorem. 








ne 
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If + « T, then 7’ exists and is a translation. For, let Q’ e° PU 7r(P). By 
Corollary 5, lines 1 on P || 7(P) U Q’ and m on Q’ || P U 7+(P) intersect in a 
unique point Q, and clearly 7(Q) = Q’. Obviously 7 is a translation. The 
Abelian property now follows as in [1; Theorems 5, 6], since our Axioms II, III 
provide three non-collinear points. 

Derinition. Let T = {0, 1, a, 8, ---} be the ring of all endomorphisms of 
T, subject to the definitions: (7,7.)° = rfr; a = 8 means r* = 7° forall re T, 
retF = 7th 7% = (7*) 7° = 1 for all re T, r' = 7 forallre T. Let R 
be the subset of all elements a such that the traces of +r are among the traces 
of 7* for each 7 e T. 


LemMA 5. is a ring with unit 1. 
The proof is immediate from the definitions. 


THEOREM 4. Let P be any particular point, and letae R. Then o(Q) = rpe(P) 
is a dilatation, and r°o = or (allreT). If cisconstant, r* = 1(reT) and a = 0. 


The proof is essentially due to Artin [1; Theorem 8]. One has, for all Q, R, 
Tortpa(P) = tpr(P) and roee(Q) = o(R). Either 7G = 1, o(Q) = o(R), and 
there is a line on both || Q U R, or rOr # 1, o(Q) # o(R) and o(Q) U a(R) || 
QU R. Hence co isadilatation. Now o(P) = P. If o(Q) is constant, 792(P) = 
P (all Q, R), tor = 1 (all Q, R) and r* = 1 (r+ eT). In general, rQz o(Q) = 
oTor(Q). Now roeo and org, are dilatations, with the same effect on Q and P. 
For, ro20(P) = ror(P). If S = ree(P), then orge(P) = o(S) = rs(P) = 
tor(P), for tps = Ter, since both have the same effect on P. 


LemMa 6. If for some re T, ae R, ro = 1, thena = Vor tr, = 1. 


For this ae R, r°o = of (all re T). Hence roo = or, , and o(Q) = o17(Q) 
for allQ. If 7, ¥ 1, then Q ¥ 7,.(Q) = Q’, and o(Q) = o(Q’). Hence a is constant 
and a = 0. 


LemMA 7. In the ring R, a8 = 0 implies a = 0 or B = 0. 


For, let 7) be any translation ~ 1, and suppose a8 = 0 with a ¥ 0, 8 ¥ 0. 
Then 72 ¥ 1, (r3)* ¥ 1. But 73° = 1. 

Remark. Every line in &, cuts every line lj of the parallel class &, of 1, of Axiom 
II. For, l, euts1,. Let P be any point on lj. Draw l{ || l, through P. Then 
l, euts lf . 


Axiom VII. For each parallel class ¥, there is a unit translation 7. with traces 
in %, such that for every translation +r with traces in %, r = to for some ae KR. 


Lemma 8. If 7, , 72 are the unit translations of %, and %, of Axiom II, then 
every translation r is uniquely expressible in the form rt = ri13. 


Let Pel, e%,,Q = 7r(P) el, e%, , and R be the common point of /, , /,. Then 


TroTPrR = rene =. Uniqueness follows from Lemma 6. 





e’ 
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We now introduce coérdinates with origin O at any fixed point, and r, , 7. the 
unit translations of 2, , &,. Let P be any point and write rop = rire. Assign 
to P coérdinates (a, 8). The correspondence P — (a, 8) is obviously one-one 
from all points onto all pairs over ®. 

If / is any line, P = (a, 8) a fixed point of 1, 7. the unit translation for the 
parallel class of 1, Q an arbitrary point of /, then tog = teetop = ToTor = 
(rirz)‘ri re , so Q = (a + ux, B + x), with uw, vy not both 0. Clearly every «x e R 
is realized for some Qel. Let Q = 75(P). If u = u,6, v = 1,6, Fe R, then 7 = 
rir; = (rt'r3')’. The trace class of (7,) is that of r4'r3'; hence the latter transla- 
tion has the form 7§ , p eR. Thus uw, = udp, »; = v, 5p, 69 = 1, and yg, v are 
“relatively prime’. 

Finally, let , » be any pair of elements of ® not both 0, and consider the line 
l = (ux, vx) through O = (0, 0) and P = (&, 7). Then & = px, » = vx, and x is 
a common right divisor of ~, 7. Moreover, if § = £,4, 7 = ,4, then the trace class 
of r§*r?" is that of the unit translation 7, for the class of 1, and the former transla- 
tion is 76, pe R. Thus &, = wp, 2 = vp, & = £6 = upd = wx, n = 9,6 = vpd = 
vx, 6 divides x, and « is a g.c.d. of &, 7». 


THEOREM 5. A geometry satisfying Axioms I—VII admits a codrdinate system 
in which P = (a, 8) with a, Bina ring R with unit, without zero-divisors, and with 
every pair of elements not both zero possessing a g.c.r.d. The points on a line have 
the form (a + ux, 8 + vx) where a, B are fixed, where yu, v are fixed and not both 0, 
and have g.c.d. 1, and where «x is arbitrary in ®. 


4. Completely intersecting parallel classes. We have seen how, in AG(V(®)), 
every line of a class & is of the form (a + ux, 8 + vx) with y, v fixed for 2 and 
g.c.d. u,v = 1. Axioms II, VI provide classes of ‘‘completely intersecting” lines: 
every /, of %, cuts every /, of % . 


THEeoreM 6. The classes of lines (a, + a), , By + a2, kK), (@2 + Giz K, By + G2k) 


are completely intersecting if and only if the matrix A = (a;;) has a right inverse: 
AB = I. 
If AB = I, the arbitrary pair of lines above intersect, since B( z ~) 
Dees 1 


° ° K ° , 
provides a solution ( ) for the equations a, + a)\k = a + apd, Bi + an k = 


A 
B. + ad. Conversely, if the classes are completely intersecting, the inverse 
exists by intersection of (a,,x, ax) with (1 + aox, aox) and (ayx, —1 + ak) 
with (ayo, Qo). 
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A THEOREM OF CARTWRIGHT 
By R. P. Boas, Jr. AND A. C. SCHAEFFER 


An important theorem of Cartwright [1], [2], [6], [7] states: 
Let f(z) be an entire function of exponential type, satisfying 
f(z) = O(e*'*') (|z]| > @;:0<k <-), 
|f(n)| <M (n = 0, +1, +2,---). 


Then f(z) is bounded on the real azis, 
(1) | f(x) | < A(k)M (- © <2< @), 


The theorem becomes false if the condition k < x is omitted, as is shown by 
the example f(z) = zsin rz. It then appears plausible that if k approaches x the 
constant A(k) in (1) must become infinite. This is indeed the case; the purpose 
of this note is to show that the order of A(k) is precisely log {1/(# — k)}. Our 
result is: 


If A(k) ts the least possible constant for which Cartwright’s theorem is true, then 


2 hog {4 


© \e 


[= ]} < A(k) < 4 + 2€ log 


r 
a—k 





The only previous upper estimates of A(k) seem to be due to Macintyre [6] 
and Boas [1]. They obtained the inequalities 


Ak) < — 


( 3 “i 
Prak eet Se ae = 2 
a(x — 5 (ie Ni toca Tad 3 3} 


and 


TT 
A®) $ 2+ 30% 
respectively. 

Cartwright’s theorem may be thought of as a generalization of a theorem of 
Landau [5], Gronwall [4] and Grandjot [3], which states that a polynomial of 
degree r — 1 (r > 2), bounded by M at the r-th roots of unity, is bounded in 
the unit circle by B(r)M, where B(r) depends only on r. In fact, an equivalent 
statement is that a trigonometric sum 


r-1 
T(@) = » ad a 
7=0 
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where 

| T(2nv/r)| < M (» = 0,1,---,r— 1), 
satisfies 
(2) | T(6) | < BOY)M 


for all real 6. If we set 
f(z) = e {t8- DIT (Qe2/r), 
then f(z) is an entire function of exponential type r(r — 1)/r < 2, and | f(v) | << M 
(v = 0, +1, +2, ---). Gronwall and Grandjot showed by an example that 
the best possible B(r) in (2) is asymptotic to (2/7) log rasr— ©. Our example 
is different from theirs. 
1. Proof that 
(3) A(k) < 4 + 2e log {x/(x — k)}. 


Given a function f(z) which satisfies the conditions of Cartwright’s theorem 
with k < a, let w = (x — k)/m and let z be an arbitrary point in the z-plane. 
The function 


(4) g(z) = f(z) mele = 2) 


(5) » lt soa 








An interpolation formula of Pélya and Szegé and Valiron states that, if g(z) 
is an entire function of exponential type less than a for which (5) is true, then 


sin rz ~~ (—1)"g(n) 
(6) pera oe” 

(This formula was proved independently and at about the same time by 
Valiron [11] and Pélya and Szegé [9]. Pdélya and Szegé give the formula under 
somewhat less general conditions than we need here. The formula in full gen- 
erality is a consequence of the following lemma: Jf an entire function g(z) satisfies 
an inequality of the form | g(z) | < | z|*e"'*' and vanishes atz = 0, +1, +2, ---, 
then g(z) = P(z) sin xz, where P(z) is a polynomial. This lemma was first stated 
by Pélya [8]. It was rediscovered by Valiron, and forms the basis of his proof 
of the interpolation formula. ) 

Thus (4) and (6) give 


sin w(z — 2%) _ sin wz > (—1)'f(n) sin w(z — n) 


w(z — 2%) 7 ~ wz — n)(Z% — n) 


fiz) 





), 


m 


— ae 
— 
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Keeping z fixed and letting z, approach z, we obtain 





sin wz Y (—1)"f(n) sin w(z — n) 


r =e w(z — n)° 


(7) f(z) = 


(This is an interpolation formula of Boas [1], here derived in a simpler way.) 
Since f(z) is bounded by M at the integers, (7) gives the inequality 


sin r(x — n) sin w(x — n) 





{[z}-1 
| 
| 


| f(x) | <2M+M(d) + >) 


2 


mu(x — n) [ 


Now | @' sin @| < 1. Hence, if 0 < « < 1, 


fin ate = n)| _ sin 1 w(x — n)|" i lsin w(a — n)|" < l 
w(x — n) | | or — n) | w(x — n) | “aels—al* 
Thus 
| fz) | < 2M\1 + +. } —. ‘< 2My1 + = + x 
T™] in / \ TW €w / 


Now ew‘ is a maximum when 1/e = log (1/w) since 0 < w < 1; with this value of e, 
| f(x) | < 2M{2 + e log (1/w)}. 


Substituting w = (x — k)/z, we obtain inequality (3). 


2. Proof that 
(8) A(k) > 2 tog {| — =|. 


The function 


=. 
On sin n@ cot $6 
(9) , 


at + cos 6+ cos 26+ --- + cos (n — 1)@ + 3 cos n6} 


is a trigonometric polynomial of degree n; at the points @ = vx/n it is equal to | 
if vy = 0 or + 2n, and to 0 if v is any other integer between —2n and 2n. 
If a, , a, *** , @, are given numbers with —1 < a, < 1, let 


li , 0 vr 
(10) p(d) = On da, sin (n@ — vr) cot (2 — =). 
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(This is the interpolation formula of M. Riesz [10].) Then p(@) is a trigonometric 
polynomial of degree n or less, and 


p(vr/n) = a, (» = 1,2, --- , Qn). 


To find the term of n-th degree of p(@) we use relation (9), and find that this 
term is 


1 2n 1 Qn : 
(11) On > a, cos (n@ — vr) = = > (—1)’a, cos né. 
Now let 
((-—1)""" Vv = 1, 2, nti , n), 
a, 


= 4 
|(—1)" (v=n+i,n+2,---,2n). 


Then (11) shows that the term of n-th degree of p(@) vanishes, and so p(@) is of 
degree n — 1 or less. On the other hand, if these values of a, are substituted in 
(10) we have 


7 le var 7 lc vr 7 
»(z) ~ In & ont (z bs z) ~ On p> oot (2 7 =), 


and finaliy 


Cg l< vr cg 2 f°" 2 4n 
»(z) = - > cot = z) > cot @d9 > ~ log ~, 


MN y=1 WJ x/(4n) 


If k is given, 0 < k < z, let n be defined by n = [x/(x — k)] and let p(@) be 
the trigonometric polynomial of degree n — 1 defined above. Then the function 
f(z) = p(xz/n) is an entire function of exponential type r(n — 1)/n < k, and 
it is bounded by 1 at the integers. But 


us ( T 
s3) = o(§,) > 2 on = ? toe {$5}. 


This relation proves (8). 
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SOME GEOMETRIC INEQUALITIES 
By WiLLy FELLER 


1. The problem treated in this note was originally formulated by R. Salem 
and D. C. Spencer in connection with a number-theoretical investigation. 
Consider a plane domain I contained in the unit circle; suppose that the inter- 
section of T with any straight line has a measure not exceeding a fixed constant 
5 <1. What can be said about the measure M of ©? If I is convex, its area 
is obviously not greater than 6’x. It is less trivial that, for a convex domain I, 


(1) M < }o's 


and that the sign of equality holds only if I is the interior of a circle; this result 
was proved by different methods by Bieberbach [1] and Kubota [3]; see also [2], 
particularly §§44, 54. 

It has been widely conjectured that in general M = 0(6’) as 6 — 0, or at 


least that M = o0(6). Now a simple application of Fubini’s theorem shows 
immediately that necessarily 
(2) M < 28. 


It will be proved in the sequel that (2) is the best result. In fact, we shall con- 
struct a domain I (consisting of a finite number of annuli) such that its inter- 
section with any straight line of the plane has a total length not exceeding 4, 
whereas for its area M we have 


(3) M > 28(1 — 8x” — 6), 


where ¢ > 0 is arbitrarily small. Thus 26 is the best asymptotic estimate for 
the maximum of the area. The 1/z° which multiplies & is, of course, not the 
best possible. Our construction can easily be refined, but this seems to be of 
no interest. 

In §4 the above mentioned theorem of Bieberbach and Kubota will be proved 
in a new simple way which will make the result appear almost trivial. Actually 
the new proof is even slightly more general. 

The generalization of the last result to n dimensions is straightforward. In 
order to solve the problem of the best estimate in the general case and in n 
dimensions, we shall (§5) formulate, and solve, a more general and purely 
analytic problem; it will be seen that our problem actually reduces to an in- 
equality between two integrals. 


2. Let 0 < 6 < 1 be given and denote by N an arbitrarily large but fixed 
integer. Put 


(4) N’ = [N(1 — &x7*)'). 
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For n = 0,1, --- , N’ — 1, we define numbers p, and r, > 0 by 
n 
Pn = Are 
N 
(5) 


2 2 26 ~ i ° i 
Tad dey {(1 — pa)? — (1 — pass)’}. 


Obviously 





2 2 2 2 
(6) fhm pi = 2 ea ec FP pe 
¥ (1 ca Pn) + (1 - Pn+i) Ll (1 — Pasi) 


and hence by (4), forn < N’ — 1, 

Tr — Pn < Pasi — Pa- 
It is, therefore, seen that 
(7) mn < mi Sts 


Now let r denote the distance from a fixed point O and let A, stand for the 
annulus 


A. P,<rTr<r, (n = 0,---,N’ — 1). 


By (7) these annuli are non-overlapping. We shall show that, for N sufficiently 
large, the domain 


has all the required properties. 
First, it is clear that T is contained in the unit circle. Since the A; are not 
overlapping, we have for the area M of T 


N’=-1 
M=n dD (i — ps) 
n=0 
N’-1 ‘. 
(8) = 26 > > {al — p,) -(1- Pasr)'} 
= 26{1 — (1 — p3-)'}. 
Now 
a> = (N(1 — 8’x~*)! — 1)? 
>1-— or’ — 2, 
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and hence the inequality (3) follows from (8), provided only that N is sufficiently 
large. 

It remains to prove that the total length of the intersection of [ with any 
straight line does not exceed 6. 


3. Consider the intersection of a fixed annulus A, with a straight line whose 
distance from O is p. If p < p, , the length of the intersection is 
he = 2{(ri — p’)' — (ot — p’)'}, 
and, in this interval, \, increases with increasing p. If p, < p <r, , the length 
of the intersection will be 


Ar - 2(r; _ p’)', 


whereas for p > r, no intersection exists. Hence the maximum of , is attained 
for p = p, and 


max A, = 2(r? — pi)’. 


Consider now an arbitrary but fixed straight line and let p < 1 be its distance 
from the origin. Let » be determined by the condition that 


Pr-1 < P < Py - 
It is clear that for the total length L of the intersection of this line with T we have 


L < 2(r?_, — p.-.)* + 2(r? ag p:): 


N’-1 
+2 > {2 — p)! — (oi — 0°)'}. 
n=r+l 
Hence 
1L < (p2 — p2-1)' + (pes. — 2%)! 
N’—1 


re — pp 
navti (r2 — ps) + (p2 — 1)! 





or, by (6) and the definition of p, , 


Qy — ty! (® + ty gue 
3 + : PS . 
( N’ N* + Of 2, (1 — p..:)'(p2 — ps)! 


1 a 2n + 1 
o( ) rs 2 D D 2\4° 
N' T 2. », (N? — (n + 1)? — »*) 











L 


lA 


tol 


(9) 











We shall evaluate the last sum by means of an integral. For a given fixed v 
define 


2 2\3 
2...» = (—*) (n=v,v»+1,---,N’ — 1). 
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Obviously, for »y < n < N’ — 


* N” sae 2 2 N? 2 
. © 61-5." «1-4. 
y x N-vp r 





Next we show that the differences Az,_, = x,,,-, — 2,-, tend uniformly to zero 
as N— ~. To see this we observe that from 


Qn + 1 = (22,,-, — ta-»)(N’ — »’) 


it follows that 








2n + 1 1 
0< n+l—-v ~ “n-» = « te —— 
. . N? —_ y" Tn+1 ¥ + Ty, v 
2n+ 1 = 2n + 1 


em ae (oe ee. 
(N* — »’)z,-. ((N* — v*)(n’ — ¥*))’ 


Now (2n + 1)*/(n’? — v’) decreases as n increases; the maximum of the last 
expression is therefore obtained for n = v + 1, and, accordingly, we have 


$ 
0 % Misa-s — ZIna-» <3 he 4 < 2 ( + :) 
((N* — v*)(2v + 1))’ N-yv 


<5) <5) 
N? — N” — § N’ 


which is uniformly small as N — ~. Now 


N-1 N’-1 2 2 
2n + l : Ln+i-y — In ¥ 


nave (N? — (n + 1)?)(n’ — vr’) », (1 — 22,,-,)'2,-, 





tole 











(10) 
<= (Ln+1 + LAX, 
o=1 (1 — 2ey,)' 
The differences Az, are positive and uniformly small; furthermore, x, = 0 and 
ty--,-, tends to 1 — 68’/r’ as N — o. Hence the sum in (10) tends to the 
integral 


(1-62 -2)4/8 
0 (l — 2’) 


It follows that the right member of (9) tends to 


é 5 fT 5299 —2)2/2 a2 8 
a — 2’) 


and this is smaller than 45. Thus, by (9), for N sufficiently large, we have 
L < 4, 


which finishes the proof. 





st 


id 
he 
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4. We turn now to the theorem of Bieberbach and Kubota. Let I be the 
domain bounded by the plane convex curve y, and let 6 be its diameter, that is 
to say, the maximum length of the intersection of I with a straight line. We 
introduce polar coérdinates r, @ around a point P of y so that I lies in the half- 
plane 0 < 6 < x. If 7, stands for the radius vector from P to a variable point 
P, of y, the area M of IT is given by 


i 
2 


(11) M=3f[ hao=3] G+raae. 
0 0 


Now ry + 161; equals the square of the distance from P, to P,,,, . Hence, by 
assumption, 


(12) Rtas <8. 


The inequality (1) is an immediate consequence of (11) and (12). Moreover, it 
is seen that the sign of equality in (1) will hold if, and only if, 


(13) To + Toye = 8, 


identically. Since P is an arbitrary point of y, this means that the hypotenuse 
of any right triangle inscribed in y has the length 6. It follows immediately that 
y isa circle. In fact, let P’ be the point on y for which the chord P’P, is per- 
pendicular to PP, . Then PP, P’ is a right triangle inscribed in 7, and therefore 
the chord PP’ has the length 5. Now, without loss of generality, we may suppose 
that y possesses a tangent at P, that is to say, that r, = Ofor0 < 6 < w. It 
follows then from (13) that @ = 4} is the only direction for which possibly 
r, = 6. Hence the point P’ has coérdinates r = 6 and @ = 31, and, since P, is 
the projection of P’ on the straight line 6, we have ry, = ‘8 sin 6, which is the 
equation of a circle. 

It will be noticed that our proof of (1) did not fully utilize the assumption that 
the diameter of I is 6, nor the assumed convexity of y. The proof will hold for 
any domain I bounded by a curve y for which there exists a point P on y such 
that (i) y has a supporting line at P, and (ii) any chord (with possibly a finite 
number of exceptions) of y subtended by a right angle with vertex at P has a 
length not exceeding 6. In this larger class of domains for which (1) holds, the 
dise is no longer the only extremal domain. Other examples of extremal domains 
are the domains defined by r = 6 for 0 < @ < $x, orr = 64 for either0 < @ < 
r/4 or 34/4 < 6 < wandr = 0 for other values of @. 

The generalization of this result to the case of n dimensions is straight- 
forward. 


5. In order to solve our general maximum problem for n dimensions we shall 
reformulate it in analytical language. 
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Let f(x, y) be the characteristic function of the domain I, that is, let f(z, y) = 
1 if (x, y) e T, and f(z, y) = 0 otherwise. Then the measure M of I is defined by 


(14) M = [f 1 y) dx dy; 


the assumption that the measure of the intersection of T with any straight line 
does not exceed 6 means that 


(15) / f(z + t cos a, y + tsina) dit < 6 


for all x, y and a; the integrals in (14) and (15) are, of course, proper integrals 
since f(z, y) vanishes outside of the unit circle. We shall now generalize our 
problem by dropping the assumption that f(z, y) is the characteristic function of 
a set. Thus we require the least upper bound of the quantity M defined by (14), 
when f(x, y) is any non-negative measurable function vanishing for x*° + y’ > 1 
and such that (15) holds. 

In order to solve this problem (and its analogue in n dimensions) we shall first 
show that it suffices to consider functions f(x, y) depending on r = (x” + y’)' only. 
In fact, for a given f(z, y), define a new function F(z, y) by 


2s 
(16) F(z, y) = ~ | f(x cos 6+ ysin 6, — xsin 6 + y cos 8) dé. 
0 


Obviously F(z, y) is again non-negative and F(z, y) = Oforz’? + y’? > 1. Fur- 
thermore, it is readily seen that, for any z, y and a, 


[ F(x + t cos a, y + tsina) dt 


v—a@ 


=-2/[ ao | f(x cos 6 + ysin 6 + t cos (@ — a), 
(17) — xsin 6+ y cos 6+ tsin (@ — a)) dt 


<z/ 6 dé = 6, 
WJ 


) 


whereas for the ‘‘measure”’ of F(z, y) we obtain 


(18) ff Fe. wed = = [ dé [[ 16 oatde = M. 


Accordingly, F(x, y) satisfies all the conditions imposed on f(z, y) and has the 
same ‘‘measure’’; we can therefore consider F(z, y) instead of f(x, y). However, 
F(x, y) obviously depends only on r: 


(19) F(z,y) = ®(r), or = (x? + yy’) 








1e 
r, 
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The “measure” (18) of F(x, y) can, therefore, be written in the form 
1 

(20) M = an | ®(r)r dr; 
0 


as for the integral (17), it suffices for reasons of symmetry to consider the case 
where x = p (0 < p < 1),y = 0, anda = 3x. The integral (17) then reduces to 


a+ 


| : F(p, t) dt = 2 f. @((p’ + ¢°)') dt, 


—@ 


and condition (15) now reads: 
; r 

(21) [ @+ wes bs. 
» (r? — p’)! 


In the case of n dimensions there is no change in (21); the integral (20) is to 
be replaced by 


1 
(22) Waie: [ Hr)" dr, 
0 


where w,_, stands for the volume of the (n — 1)-dimensional unit sphere. Our 
general problem is thus reduced to that of finding the least wpper bound of the 
integral (22) for all non-negative functions (r) for which (21) holds for any 0 < 
p<l. 

Now from (21) we obtain 


1 1 1 
= r) 
re / b(r — ar < 33 [ dy oe = 
[ Pl OF p> Sf] vO" i 
reversing the order of integration and observing that 
r jal ber o 
23 [ —_—_— dp =r” [ cos” Adv =r"? ——., 
( 0 (r° p)} P t)) 2wn-2 
we obtain 
w , 6 
Sa-1 n—1 < 
Ri By tt S Om — 1 
or using (22), 
6w,,—2 . 
2 <2. 
(24) M —_ (n oe 1) 5} n—ly 
where V,_, is the volume of the interior of a (n — 1)-dimensional sphere in 


n-dimensional space. (In order that (23) be valid also for n = 2 we define 
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w, = 2.) Here the sign of equality will hold if, and only if, the sign of equality 
holds in (21) for almost all p. Now let 


6 l 
2 &(r) = “ ——_; 
(25) a ey. 


then the sign of equality holds in (21) for all p, as is seen upon introducing the 
substitution 


r = p + (1 — p’) sin’ d. 


Hence (24) is the best estimate for M, and our generalized problem is solved. The 
same estimate is also the best in the case of characteristic functions of sets; this 
is seen by approximating the function #(r) of (25) by a step function, assuming 
the values 0 and 1 only. 
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. A PARTIAL SOLUTION OF A PROBLEM OF J. R. KLINE 
By Dick Wick HAuL 


In this paper we consider a compact and metric locally connected continuum 
M satisfying the following conditions: (a) no two points separate M, (b) every 
simple closed curve J of M separates M, (c) for any simple closed curve J of M 
the number of components of M — J is finite. E. E. Betz [1] has, without the 
use of (a), solved certain accessibility problems arising in such spaces. But 
whether or not M is homeomorphic with a 2-sphere is an unsolved special case 
of a well-known problem of J. R. Kline. The purpose of this paper is to give 
an affirmative solution to this problem. It seems highly suggestive that the 
condition (c) is not required in most of our lemmas. Inasmuch as our theorem 
might be true without this condition, we have indicated the lemmas in which 
it is not required by placing a prime after their numbers. 


TueoreM. In order that a locally connected continuum M be homeomorphic with 
a 2-sphere it is necessary and sufficient that it satisfy the following conditions: 

(a) no two points separate M, 

(b) every simple closed curve J of M separates M, 

(ec) for any simple closed curve J of M the number of components of J — M is 
finite. 


Proof. Since the given conditions are obviously necessary we content ourselves 
with a demonstration of their sufficiency. We note that M has no cut-point. 
Hence for any point p of M there exists an arbitrarily small region R about p 
having property S and such that M — R is connected. Whenever we take a 
region about a point we shall assume that it has both of these properties. 

We begin by dividing the points of M into two mutually exclusive classes, so 
that we can write M = B+ /. A point b of M is said to be a regular point of 
M provided there exists a region R in M containing b and homeomorphic with 
an open 2-cell. The set B consists of all regular points of M, and J is defined by 
the equation above. We shall call the points of J the irregular points of M. We 
have at once: ; 


(i’) B is an open set, and every component of B is open. 
(ii’) Every simple closed curve J of M contained in B separates M into exactly 
two components and is the complete boundary of each of them. 


Received June 23, 1942; presented to the American Mathematical Society, September 8, 
1942. This paper resulted from considerations started when the author was a National 
Research Fellow at the University of Pennsylvania. The author wishes to take this oppor- 
tunity to express his deep appreciation for many helpful conversations with Professor Kline 
on the general problem of which this paper presents a partial solution. He is also grateful 
for several suggestions from F. B. Jones. 
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To see this let p be any point of J. Then, since p is regular, there exists a 
region R in M containing p and homeomorphic with an open 2-cell. We know 
that J separates this open 2-cell into exactly two components. Moreover, every 
component of M — J having p as a limit point must have points in one of the 
two components of R — J. Consequently, there is an open are of J having p 
as an interior point and consisting entirely of boundary points of every such 
component. It follows at once that this implies the existence of precisely two 
components £ and F of M — J and that every point of J must be a limit point 
of both FE and F. This proves (ii’). 

It is easily seen that (ii’) remains true if we replace M throughout by G, any 
component of B. Hence we have (see [3; Theorem V’]; this paper also contains 
a summary of the previous work and an excellent bibliography) 


(iii’) Every component G of B is homeomorphic with a region on a sphere. The 
complement of this region on the sphere can be taken as a totally disconnected point set. 


Using (iii’) we easily deduce: 


(iv’) If T, K, and L are three arcs in B disjoint except for their common end 
points p and q, then M — (T + K + L) is the sum of three components having 
T + K, K + L, and L + T as their boundaries. 


(v’) I is vacuous or a perfect set. 


We know by (i’) that J is closed. Hence if J is not perfect there must exist an 
isolated point w of J. Let R be a region in M containing w such that the locally 
connected continuum R is disjoint with J — w. 

We shall show first that R is homeomorphic with a subset of a cactoid (a 
locally connected continuum every true cyclic element of which is homeomorphic 
with a sphere). To do this it suffices, by a theorem of Claytor [2], to prove that 
R contains neither of the two primitive skew curves € or D of Kuratowski. We 
recall what these two primitive skew curves are. The curve € is homeomorphic 
with a complex consisting of two groups of three vertices each and nine 1-cells, 
in a fashion that each vertex of one group together with each vertex of the other 
group bounds a I-cell. The curve D consists of five vertices and ten 1-cells, in 
a fashion that each pair of vertices bounds a 1-cell. By § we denote either of 
the primitive skew curves or their homeomorphs. 

Suppose that § is contained in R. We may evidently assume that © is con- 
tained in R since if it were not we could take a smaller region and find a new 
primitive skew curve. Now R — w consists entirely of regular points and hence 
It is immediate that w is a point of $. Let T be a theta curve in § consisting 
of three independent ares aa’b, ab’b, ac’b and not containing the point w. 

We know by (iv’) that 7 separates M into precisely three complementary 
domains A’, B’, C’ having the three simple closed curves ab’be’a, aa’be’a, and 
aa'bb’a, respectively, as their complete boundaries. Now suppose § is ©, and 
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that € consists of the two groups of vertices (a, b, c), (a’, b’, c’). We have at 
once that c must lie in either A’, B’, or C’. Consequently, c cannot be joined to 
all three of the points a’, b’, c’ by arcs in M which fail to intersect T. This 
contradiction shows us that § cannot be G. 

Finally, assume that is D. We may assume that the five vertices defining 
D are a’, b’, c’, a, and b. Now ®D is symmetric in its five points, hence we need 
to consider only two cases. Assume first that w is an interior point of some arc 
of D. We lose no generality if we assume that w lies on the are of D joining a 
and b and containing none of the points a’, b’, c’. It is easily seen that the simple 
closed curve a’b’c’a’ of D separates M between a and b. Consequently, it is 
impossible to find the are awb of D. We may thus assume that w is a vertex of 
D, say w = b’. Let z be an interior point of the arc ab of D and T” the theta 
curve in D consisting of the three arcs azb, aa’b, ac’b. We know that M — T’ 
has exactly three components A’, C’, Z having the three simple closed curves 
azbc’a, azba’a, aa’be’a, respectively, as their complete boundaries. Now b’ can 
be joined to both c’ and a’ by ares of D. Thus b’ lies in Z. For the same reason 
the are a’c’ of D lies in Z. It is easily seen that a’c’ separates Z between b’ and 
either a or b so that b’ cannot be joined to both these points in M — aa’c’a. 
This contradiction shows us that R cannot contain either € or D and establishes 
our assertion that this locally connected continuum is homeomorphic with a 
subset of a cactoid. 

We may thus assume that R is imbedded in a cactoid Y. Now no two points 
of M separate M. Hence no nondegenerate acyclic [4] element of Y can intersect 
a sufficiently small neighborhood of w. Therefore, w must lie on a 2-sphere S 
which is a true cyclic element of Y, and we let L be the part of R lying on S. 
Now w must be a limit point of S — L. Otherwise we can find a 2-cell Z in L 
having w as an interior point. But w lies in J and hence w must be a limit point 
of M — L. It follows easily that for a sufficiently small simple closed curve J 
in Z surrounding w the set M — J is connected. This contradiction shows us 
that w must be a limit point of S — L. Thus w lies on a simple are A of L which 
is composed of boundary points of some complementary domain of L in S, and 
every point of A — wisa point of B. It is then a simple matter to find a simple 
closed curve in B which is not the complete boundary of both of its complemen- 
tary domains. This contradiction completes the proof of (v’). 


(vi’) If pis any point of M and R is any region in M containing p, then p is not 
a limit point of cut-points of the locally connected continuum K = R. 


We know that p is not an end-point of K since M is cyclic, and we have seen 
that no nondegenerate acyclic element of K can intersect a sufficiently small 
neighborhood of p. Consequently, p lies in a true cyclic element E of K. Now 
every component of K — E contains a limit point of M — K since M is cyclic. 
Thus, since the components of K — E are either finite in number or form a 
null sequence, it follows that p cannot be a limit point of cut-points of K which 
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lie in E. Let {w,;} be a sequence of cut-points of K converging to p. By the 
reasoning above we see that no generality is lost if we assume that all the w; lie 
in a single component Z of K — E. It follows at once that p is the boundary 
of Z in the locally connected continuum K, hence p is a cut-point of K. Now 
every w; is a cut-point of the locally connected continuum Z. Hence, since p is 
a non-cut-point of Z it follows that p is an end-point of Z, which result gives an 
immediate contradiction to (a). 


(vii) If p is any point of M and R is any region in M containing p, then there 
exists a region R’ in M containing p such that for any continuum F in R’ — p no 
two points separate the locally connected continuum K = R between p and F. 

(vii’) In the proof of (vii) hypothesis (c) of the theorem may be replaced by the 
condition that no three points separate M. 


We shall prove (vii) and (vii’) simultaneously. Assume the conclusion false, 
and let R, be a region in M containing p, of diameter less than one, and suffi- 
ciently small so that it contains no cut-point of K distinct from p. Then there 
exists a continuum F, in R, — p and a set H, , consisting of one or two points, 
which separates K between p and F,. But F, lies in R, and hence in the same 
true cyclic element of K as p. Consequently, H, consists of two distinct points 
a, and b, . 

Denote by R{ a region in M containing p sufficiently small so that the locally 
connected continuum K, = R% is contained in R, and contains neither H, nor 
any point of F,. Pick a region R, in M containing p, of diameter less than 3, 
and sufficiently small so that R, contains no cut-point of K, distinct from p. 
Then there exists a continuum F, in R, — p and a set H, which separates K 
between p and F,. Since F, lies in the same true cyclic element of K, as p, it 
follows that H, lies in this same true cyclic element. Consequently, H, lies in 
Ri and consists of two distinct points a, and b, . 

Assume that the sets R; , H; , and F; have been defined. Denote by Rj a 
region in M containing p and sufficiently small so that the locally connected 
continuum K; = R% is contained in R; and contains no point of either H; or F; . 
Pick a region R;., in M containing p, of diameter less than 1/(¢ + 1), and 
sufficiently small so that it contains no cut-point of K; distinct from p and has 
a closure contained in R{. Then there exists a continuum F;,, in R;,, — p and 
a set H;,, which separates K between p and F;,,. But F;,, lies in the same true 
cyclic element of K; as p. Hence H;,, lies in this same true cyclic element. It 
follows at once that H;,, consists of two distinct points a;,, and b;,, each of 
which lies in K;. Thus we have at once: 


(A) For every i the set H; consists of two distinct points a; and b; . The a; are 
all distinct, the b; are all distinct, no a; coincides with any b; , and each of these 
sequences converges lo p. 


We know that K — p has at most a finite number of components and hence 
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lose no generality if we assume that there exists a component Z of K — p which 
contains every H; and every F;. Then, since p is not a cut-point of the locally 
connected continuum Z we can assume: 


(B) For every i the set H; lies in the component of K — H, containing H, for 
any j greater than i and in the component of this set containing p for any j less than 
i. All the sets H, lie in the same true cyclic element of K as p. 


We can now assert: 


(C) By a proper choice of the sets H; the set L; = M — (p + H,) will be dis- 
connected for all 7. 


Otherwise, we may assume that L,; is connected for every 7. Define Q = p + 
>> H;. Then Q is a closed set. Hence K — Q has infinitely many components 
which form a null sequence. It follows that if V is a neighborhood of p whose 
closure is contained in R we may assume that H; (for every 7) together with 
every component of K — Q except one is contained in V. Let D be the com- 
ponent of M — H, which contains p. It follows that if 7 be any integer greater 
than 7, then D — H; is separated, and has one component contained in V. Call 
this component D’. It is easily seen that if g be a point of D’, then any are 
joining q to a point of M — K must contain either a point of H; or a point of H; 
for every j greater than 7. Consequently, every such are must contain either p 
ora point of H;. This establishes (C) and gives (vii’) as an immediate corollary. 

Now let E be the true cyclic element of K containing all the H; and let p’ be 
a point of EF in a component of E — H, not containing p. Then there exists a 
simple closed curve J of E containing both p and p’. It is immediate that ./ 
contains Q so that M — J has infinitely many components, contradicting (c) of 
the theorem. This contradiction completes the proof of (vii). 


(viii) Jf {x,;} is an infinite sequence of points of M which converges to a non-local- 
separating point of M, then there exists a simple closed curve J in M containing 
infinitely many of the points x; . 

(viii’) We get the same conclusion if we replace hypothesis (c) by the condition 
that no three points separate M. 


We again give the proofs simultaneously. To this end let {x;} be any infinite 
sequence of points of M converging to a point p of M. We must show that there 
exists a simple closed curve J in M containing infinitely many points of this 
sequence. We begin by picking a region R, in M containing p and of diameter 
less than one. No generality is lost if we assume that R, contains x; for every i. 
Define R{ as the region in R, given by (vii) or (vii). Apply these lemmas again 
to find the region R, in Ri. We may evidently assume that the diameter of RF, 
is less than 3. No generality is lost if we assume that z, lies in M — R{ while R, 
contains every x; for i greater than one. Now suppose R;,_, has been defined. 
Then R;_, contains every 2; for j greater than i — 2, while the remaining 2; lie 
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in M — Ri_,. Choose R{_, by (vii) or (vii’) and apply one of these lemmas 
again to find R; contained in R{_, . We may assume without loss of generality 
that the diameter of R; is less than 1/7, that R; contains every x; for j greater 
than zt — 1, and that z,_, liesin M — R/_,. 

Now no two points separate M. Hence there exists a simple closed curve J; 
in M — p containing x, and z,. Suppose that we have found a simple closed 
curve J,;_, in M — p containing all the points z; for j less than 7. We lose no 
generality if we assume that J,;_, contains no 2; for j greater than i — 1. Now 
x,-, lies in R,_, . Let a;_,2,;_,b;_, = T;-, be an are of J;,_, lying entirely in 
R;_,. By construction of this region no two points separate R/_, between p and 
T;_, . Furthermore no two points separate this locally connected continuum 
between p and xz; . Consequently, no two points separate R/_, between x, and 
T;-, . It follows that there exist three independent ares x;h;x;_, (j = 1, 2, 3) 
in R’_, and we let y; be the first intersection of the are x;h;x;_-, with J;_,. There 
also exist three independent ares z,k,;a,;_, (j = 1, 2, 3) and we let z; be the first 
intersection of the are z,k;a;_, with J;_, . 

Suppose first that all three of the y; coincide, i.e., y, = yz = ys = 2-1. We 
may suppose that p lies on none of the ares r;hox,_, , tihgXj_, , Vi22 , Liz, , and 
that z,z,; does not contain the point z;_, . If the are 2,z, is disjoint with either 
of the first two ares of the preceding sentence, then we easily obtain a simple 
closed curve J; having the required properties. Otherwise 2,z; must intersect 
both of these arcs and we let w, be its last intersection with their sum. The 
simple closed curve J; in M — p is then easily obtained. 

Next we suppose that y, = y. = 2;-, , while y; is distinct from z;_,. If p 
does not lie on the are x;y, we get the simple closed curve J; at once. If p does 
lie on this are we can bypass it in an arbitrarily small region and again get J; . 
Finally, J; may be easily obtained if the y; are all distinct by making use of the 
fact that p is a non-local-separating point of M. 

It is immediate that if we define J as the product of all the J; , then J is a 
simple closed curve in M containing infinitely many of the points x; . Thus we 
have established both (viii) and (viii’). 


(ix’) The set of all local separating points of M is countable. 


This is immediate from (a) of the theorem and the well-known fact [5] that 
all save at most a countable number of the local separating points of M are of 
Menger order 2 in M. 


(x) M is homeomorphic with a sphere. 


By (iii’) it suffices to show that J = 0. Assume that this is not the case. 
Then by (v’) J is a perfect set, and hence all save at most a countable number 
of points of J are condensation points of this set. It is thus easy, by (ix’) to pick 
an infinite sequence {p,} of non-local-separating points of M all of which lie in J 
and which converge to a non-local-separating point p of M. By (viii) we lose 
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no generality if we assume that all the points p,; lie on a simple closed curve J 
in M and converge monotonically to p on J. 

For each i = 1, 2,3, --- , there exists a region R; in M satisfying the following 
conditions: (1) R;-J is an open are of J, (2) R, , R. , --- converges to p, (3) 
R,;-R; = 0 fori + j. Let i denote a fixed positive integer and K, the locally 
connected continuum R;. By (vii) there exists in R, a region R/ containing p, 
such that for any continuum F in R{ — p; no two points separate the locally 
connected continuum K,; between p; and F. We lose no generality if we assume 
that R{ satisfies (1). Now J is a perfect set and hence p,; must be a limit point 
of points of J lying in R{ . Suppose there exists no point of J in R{ — J. Then 
we can find a sequence of points {b;} on J, all belonging to J, all lying in R{ , and 
such that this sequence converges monotonically to p; on J. We know that 
M — J has but a finite number of components, and hence any are of J must 
contain infinitely many points which are boundary points of some complemen- 
tary domain D of M — J. This means that for a sufficiently large i we can 
replace an are of J containing a point 6; by an are in D and thus the modified 
simple closed curve J is such that the point b; lies in R{ but not on J, while p,; 
still lies on J. Consequently, we lose no generality if we assume that there exist 
points of J in R{ which are not on J. 

Let b be such a point of J and R?’ a region in M containing b and sufficiently 
small so that its closure is disjoint with J. Then there exists a simple closed 
curve J; in R}’ which is not the complete boundary of every one of its com- 
plementary domains. Now J lies in the component N of M — J, which contains 
M — Rt’. Let H be any component of M — J; distinct from N. Then H lies 
in RY’ and hence in R{. We define z,y,z; as a minimal are of J; separating the 
space M, and let x,w,z; be the complementary are of J, . 

We shall show that there exists an are m,n; lying in K; and spanning J so that 
the closure of one of its complementary domains is a subset of K; . To this end 
let R? be a region in M containing p, but sufficiently small so that its closure 
is disjoint with both Ri’ and M — R{. Now 7; is a non-local-separating point 
of M and hence cannot be an isolated point of the boundary of any component 
of R? — J. Let D be the component of this set contained in the component of 
K; — J which contains R?’. Then there exists an are a,v,c; having its interior 
in D and spanning J. Let a,d,c; be the are of J in R} and denote the sum of the 
two ares a,d,c; and a,v,c; by J! . Then there exists a component H’ of M — J{ 
lying in R?. Pick a point m in H’ and a point win H. Suppose that there exist 
two points h and k whose sum separates K, between m and w. Neither of these 
points can be p,; since this point is a non-local-separating point of M. Conse- 
quently, the point pair (hk, k) must separate K, between p; and one of the two 
points m, w. This is impossible. It follows that there must exist three inde- 


pendent ares in K,; joining m tow. We let e; , f, , g; be the last points of inter- 


section of these ares with J! + J; andj, , &, , ¢; the first points of intersection 
of these ares with J; following e; , f; , g: . By construction the six points 
e:,f:,9:.d:, %, t, are all distinct. The proof now splits into two cases. 








900 D. W. HALL 


Case 1. There exists a component of M — J; which does not contain J and which 
does not have J ; as its complete boundary. 


In this case we lose no generality if we assume that J; is not the complete 
boundary of H, and that the are x;y;z; of J; is a minimal are of this simple closed 
curve containing the boundary of H. By a theorem of Betz [1] H + 2; + 2; 
contains an are x,q;z;. If two of the points j; , k; , ¢; lie in the closed are 2,w,z; , 
then the existence of the are m,n; is immediate. Hence we may assume that j; 
and k; are both interior points of x,y,z; . If either of the ares 2,w,z,; , 2:q;2; 
separate M the existence of m;n; again follows at once. Consequently, we may 
assume that neither of these arcs separates the space. This gives the easy contra- 
diction that the simple closed curve consisting of the sum of these two ares fails 
to separate M, and thus proves that an are m,n; of the required type must exist. 


Case 2. No such component erists. 


Let Z; be the component of M — J; containing J. We lose no generality if 
we assume that the are x,y,z; of J; is the minimal are of this simple closed curve 
containing the boundary of Z; . It follows easily as before that no component 
of M — J, has its complete boundary in the closed are x,;w;z;. By the theorem 
of Betz we may find an are z;r;z; in R{ having its interior in Z; ._ If this spanning 
are has two or more points in common with J! + J we easily find m,n; . 

Assume next that the are 2,r,z; has precisely one point, which we denote by 
r;,in common with J + J{. We suppose first that r, lies on J{ and in this case 
lose no generality in assuming that r; is an interior point of a,v,c; . Now consider 
the three ares e;j; , kif; , tig; . We may assume that r; is not on either of the 
ares k,f,; or tg, . Uf either of these ares has a point in common with z,;r,z; , the 
construction of the are m,n; is easy. Hence we may assume that the are 2,72, 
is disjoint with both of the ares k;f; and g;t; . If either of the ares separates the 
space, we again get m,n; easily. If, on the other hand, this does not happen, 
then the sum of these two ares is a simple closed curve not separating the space. 
The remaining case is where the point r; lies on J — J{. We may assume in 
this case that the four points r; , a; , d; , c; lie on the simple closed curve J in 
this order. We again get that x,7,z; is disjoint with both k,f; and g,t; . An are 
a{jvic{ can now be constructed spanning J in an arbitrarily small region containing 
r, and such that r; lies between a/ and c/ on J. If x;7;z; is disjoint with this new 
spanning arc, we can make a slight modification of J so that this does not occur. 
If z,r,z; intersects this new spanning arc, we can easily modify 2;r,z; so that it 
meets J + J{ in more than one point. The remaining case, where 2,7;2; is 
disjoint with J + J{, follows by precisely the same reasoning as the case where 
r,isonJ,;. Hence, in every case, we can find the are m,n; . 

Now if we add to J all of the ares m,n; just constructed, the resulting set 
obviously contains a simple closed curve J’ such that M — J’ has infinitely 
many components. This contradiction completes the proof of the theorem. 
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